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ABSTRACT

Asymmetrical flow field-flow fractionation (AF4) hyphenated with inductively coupled plasma-mass spec-
trometry (ICP-MS) has been widely used to characterize metal containing particles. This study demon-
strates the advantages of coupling AF4 with ICP-time-of-flight mass spectrometry (ICP-TOFMS) in stan-
dard and single particle modes to determine size distribution, elemental composition, and number con-
centration of composite particles. The coupled system was used to characterize two complex particle
mixtures. The first mixture consisted of particles extracted from micro-alloyed steels with two size pop-
ulations of different elemental composition. The second mixture consisted of particles extracted from
soil spiked with various engineered nanoparticles (ENPs). The equivalent hydrodynamic sizes of individ-
ual micro-alloyed steel particles were up to 6 times larger than the sizes determined by single particle
(sp)-ICP-TOFMS. The larger AF4 sizes were attributed to the presence of a surface coating, which is not
reflected in the core size determined by sp-ICP-TOFMS. Two particle populations could not be separated
by AF4 due to their broad size distributions but were resolved by sp-ICP-TOFMS using their unique ele-
mental signatures. Multi-angle light scattering and ICP-TOFMS signals of soil suspensions increased with
the spiked ENP concentrations. However, only after conducting full element screening and single particle
fingerprinting by ICP-TOFMS could this increase be attributed to enhanced extraction efficiency of natural
particles and the risk for false conclusions be eliminated. In this study, we describe how AF4 coupled to
ICP-TOFMS can be applied to study complex samples of inorganic particles which contain organic com-
pounds.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

particle concentration detection limits (ug L~1, ng L~1) far below
the detection limits of UV-Vis, MALS, or DLS [7,8]. ICP-MS also of-

Asymmetrical flow field-flow fractionation (AF4) is a flow-based
fractionation technique which separates particles according to their
hydrodynamic sizes [1-3]. Coupled with common detectors such as
ultraviolet-visible spectroscopy (UV-Vis), multi-angle light scatter-
ing (MALS), or dynamic light scattering (DLS), AF4 measures parti-
cle size and particle concentration [4-6]. For the analysis of metal-
containing particles, AF4 is often used in combination with induc-
tively coupled plasma-mass spectrometry (ICP-MS) which provides
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fers higher specificity, because it can measure individual metals in
a particle population, and multi-element capabilities which enable
studying, for example, the composition of natural particles [9] and
the interactions of engineered nanoparticles (ENPs) with natural
colloids [10-13].

Sequential ICP-MS mass analyzers, such as quadrupole and
magnetic sector field, are commonly used for coupling with AF4.
With these analyzers only a limited number of isotopes can be se-
lected for measurement to avoid skewing/shifts of elemental size
distributions due to sequential signal recording. The choice of iso-
topes requires prior knowledge on the elemental composition of all
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particles in each sample in order not to miss key sample informa-
tion. This information can be gained by prescreening all samples
but is time consuming. In this study, we online-coupled a time-of-
flight (TOF) mass spectrometer to AF4 for the first time. TOF offers
several advantages compared to quadrupole and sector field sys-
tems due to its simultaneous detection capabilities. Using TOF, un-
targeted analysis is conducted by default, ensuring the detection of
all particles in a given sample at once without the need for sample
prescreening, and thereby minimizing information losses.

We used ICP-TOFMS in both conventional mode and single par-
ticle mode, also called single particle (sp)-ICP-MS. In conventional
mode, particles are size separated in the AF4 channel, and the ICP-
TOFMS, in addition to size distributions gained from the AF4 sys-
tem itself, records the isotope signature of eluting particles, pro-
viding the bulk elemental composition of all particle populations.

In single particle mode [14], the AF4 separation is performed on
a highly diluted particle sample (106-107 particles mL~1), and the
ICP-TOFMS measures all isotope signals of individual particles elut-
ing from the AF4. These isotope signals are then converted to parti-
cle number concentrations and to element masses, which are used
to estimate particle sizes [15,16]. The concept of online coupling
of the AF4 with sp-ICP-MS and its advantages have been recently
demonstrated by Huynh et al. using monodisperse core-shell parti-
cles [17] and Hetzer et al., who investigated the release of nanosil-
ver from packaging films [18]. In multi-detector AF4-sp-ICP-MS,
particle sizes can be measured by three independent methods in
the same run: by sp-ICP-MS, by MALS or DLS, and by calibrating
the retention times. The sp-ICP-MS measured size is mass-based
and does not include the information about particle porosity, par-
ticle coating or particle true composition (e.g., organic moieties or
non-metals which are not detectable by sp-ICP-MS). Such proper-
ties, however, can be attained from the retention times and in-line
MALS or DLS measurements. sp-ICP-MS, on the other hand, directly
measures particle number concentration. This helps to overcome
the current limitation of conventional AF4-ICP-MS, where the par-
ticle number concentration is often estimated from the element
mass concentration and the particle size using certain assumptions
about particle composition, shape, and density that are strictly ap-
plicable only to monodisperse particles [19]. In addition, the AF4
channel physically removes ionic species that could potentially re-
duce the sp-ICP-MS particle size detection limit [17,20].

Online coupling of the AF4 with sp-ICP-MS involves certain
challenges. In some cases, MALS and especially DLS detectors will
be insensitive to the low particle number concentration required
for sp-ICP-MS. An additional run at higher particle number con-
centration can be conducted in order to gain the missing size infor-
mation, and fractions of eluting particles can be collected at given
time intervals and measured with the standalone sp-ICP-MS after
proper dilution (offline coupling) [21-25], or a split flow setup can
be introduced in front of the ICP-MS inlet for online sample dilu-
tion. The analysis by online coupling is less labor intensive than
by offline coupling but requires optimization of the injected parti-
cle number concentration to minimize/avoid particle coincidences
in sp-ICP-MS during the entire elution time. This concentration
matching is practically challenging and requires several runs at dif-
ferent dilutions to determine the optimal conditions for all eluting
particles.

ICP-MS must be operated at ps- or ms-time resolutions in order
to resolve individual particle events when used as a single parti-
cle detector. The scanning speed of sequential instruments is not
high enough to register more than one isotope (in some cases 2
isotopes [26]) within the extremely short signal (few hundred mi-
croseconds) generated by a single particle [27]. Single particle de-
tection using TOF technology [28] ensures the measurement of all
isotopes in each individual particle, provided the concentration of
these isotopes is above the detection limit, and has already demon-
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strated its value for the nanoparticle research in material science
[28,29], as well as environmental, [10,30] and food science [31]. For
instance, TOFMS was able to distinguish pure CeO, ENPs from Ce-
containing natural nanoparticles (NNPs) based on elemental com-
position of individual particles and count particles from these two
classes independently [10].

The aim of this study was to demonstrate the potential of on-
line coupling of AF4 with ICP-TOFMS for the characterization of
complex multi-element particles. For this purpose, we used par-
ticles with two size populations of different elemental composi-
tion extracted from micro-alloyed steel that have previously been
characterized using sp-ICP-TOFMS and scanning transmission elec-
tron microscopy (STEM) [29]. In addition, we applied the hyphen-
ated system to study samples containing environmental particles
extracted from a soil which was spiked with various ENPs. We
showed that by using both the AF4-sp-ICP-TOFMS and the con-
ventional AF4-ICP-TOFMS in a complementary manner we could
measure particle size distributions by three independent methods
(calibrating retention times, MALS, and sp-ICP-MS), particle num-
ber concentration, and elemental composition of both the entire
particle population and individual particles.

2. Material and methods
2.1. Ti and Nb carbonitride particles

The extraction of NbCN and TiNbCN particles from steel and
sample preparation procedure have been described elsewhere [29].
The micro-alloyed steel sample used here contained small precip-
itates composed of TiC, TiN, NbC, and NbN. All four compounds
have a face centered cubic crystal structure. They form complete
solid solutions in which Nb and Ti are interchangeable and N and C
are interchangeable. Therefore, the extracted particles are not stoi-
chiometric as 1:1:1:1, but are rather represented as (Nb)(C,N) and
(Nb,Ti)(C,N). However, since we could not measure the C and N
content in individual particles due to high detection limits of both,
we assumed the ratio of N and C to be 1:1 and used it for fur-
ther size calculation. For simplicity, (Nb)(C,N) and (Nb,Ti)(C,N) are
referred to in the text as niobium and titanium carbonitride parti-
cles or as NbCN and TiNbCN, respectively. The extracted particles
were suspended in water containing traces of Fe at concentration
<5 x 1073 mmol and stabilized with Disperbyk-2012. The bulk
concentrations of Nb and Ti were measured by ICP-OES (at Leibniz
Institute for New Materials, Saarbriicken, Germany) to be 25 mg
L-1 and 13 mg L, respectively. The suspension was sonicated for
10 min in an ultrasonic bath at 160 W and used undiluted for the
conventional AF4-ICP-TOFMS, diluted in ultrahigh purity (UHP) wa-
ter 150 times for the AF4-sp-ICP-TOFMS, and diluted 10° times for
the standalone sp-ICP-TOFMS.

2.2. Spiked soil samples

Stock suspensions of a mixture of TiO,, CeO,, and Fe,03 (see
Table 1) ENPs were prepared at concentrations of 0.05, 0.5, and
5 mg kg~!. A soil sample was collected from the top 15 cm in
the Chester County, South Carolina, USA in March 2017. The soil
has a moderate fine granular structure and is friable, nonsticky
and nonplastic. 1.5 g of the soil was well-mixed with 1.5 ml of
ENP stock suspension and was left to dry for 48 h under the fume
hood at room temperature. Nanoparticles were then extracted from
the spiked soils following the optimized extraction protocol pre-
sented elsewhere [9,32]. Briefly, a 30 ml aliquot of sodium py-
rophosphate was added to the dry soil-ENP mixture at the ratio
of 1 g soil:20 ml solution and the pH was adjusted to 10 using
NaOH. The mixtures were stirred for 24 h. The samples were then
sonicated for 1 h and centrifuged to separate 100 nm (130 min,
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Table 1

Characteristics of engineered nanoparticles used in spiking experiments.
NPs Formula Supplier Particle size Size from
Iron oxide Fe,03 Sigma Aldrich < 50 nm Brunauer, Emmett and Teller
Titanium dioxide-103 TiO, Joint Research Center-European commission 20-100 nm Transmission electron microscopy
Cerium dioxide-212 CeO, Joint Research Center-European commission 135 nm Collective light scattering

Table 2
Operating conditions of the AF4 and the icpTOF R.

AF4 parameters

Steel particles and soil
extract with <100 nm

Soil extract with <450 nm

icpTOF R parameters

Injection volume
Cross flow

Focus pump flow rate
Delay time

Injection time (including focusing)

Transition time
Elution program

Channel flow rate

Detector flow rate (through 60%

smart stream splitting)
MALS integration time

Time to transfer the sample from

20 pl
1.5 ml/min
1.8 ml/min
2 min
5 min

0.5 min

55 min, power, exponent
0.3

0.5 ml/min

0.3 ml/min

0.6 s
1 min

20 ul Plasma power 1550 W
1.3 ml/min Nebulizer gas flow rate 1 1/min
1.6 ml/min Plasma gas flow rate 14 1/min
2 min Auxiliary gas flow rate 0.8 1/min
5 min Flow rate of a gas mixture (7% H;, in He) 3 ml/min
in the collision/reaction cell
0.5 min Integration time (single particle mode) 3 ms
75 min, power, exponent Integration time (conventional mode) 05s

0.3
0.5 ml/min
0.3 ml/min

0.6s
1 min

MALS detector to the ICP

4000 g) and 450 nm (30 min, 2000 g) fractions assuming particle
density of 2.5 g cm -3. This corresponds to a size cutoff of 50 nm
and 221 nm for CeO, ENPs (density = 7.22 g cm ~3); 68 nm and
307 nm for TiO, ENPs (density = 4.23 g cm ~3); and 60 nm and
268 nm for Fe,03 ENPs (density = 5.24 g cm ~3).

2.3. AF4-ICP-TOFMS and AF4-sp-ICP-TOFMS

A metal-free AF4 system (AF2000 MF, Postnova Analytics
GmbH, Germany) equipped with a smart stream splitter (Post-
nova PN1650), ICP-MS module (Postnova PN9050), UV-Vis detec-
tor (Postnova PN3211 UV), and a MALS detector (Postnova PN3621
MALS) was coupled to the ICP-TOF mass spectrometer (icpTOF R,
Tofwerk, Switzerland) for all experiments. A comprehensive de-
scription of the icpTOF R instrument and its capabilities for sin-
gle particle detection can be found in Hendriks et al. [33]. Op-
erating conditions of the AF4 and icpTOF R are listed in Table 2.
The AF4 channel was equipped with a 350 pm Mylar spacer and
a 10 kDa regenerated cellulose membrane placed onto a ceramic
frit (Postnova Analytics GmbH, Germany). The carrier phase for the
analysis of Ti and Nb carbonitride particles was 0.005 wt% SDS
(SigmaAldrich, USA) and 0.4 mg L~! NaOH (SigmaAldrich, USA) in
UHP water. For the soil extracts, the carrier phase was composed
of 0.003 wt% NaNs3 (SigmaAldrich, USA), 0.01 wt% Novachem (Post-
nova Analytics GmbH, Germany), and 1 mM NaNO;3 (SigmaAldrich,
USA) in UHP water. The start of the ICP-TOFMS acquisition was
synchronized with the start of the AF4 run using a 5 V TTL trigger
signal. For the conventional analysis, the undiluted samples were
used. For the sp-ICP-TOFMS, the injected particle concentration
was optimized to achieve the optimal particle rate at the detector
(< 20 particles/s) across the entire elution peak, meaning the prob-
ability of detecting two particles in one integration time was below
0.2%. The AF4 channel was rinsed for 1 min after each run and the
UHP water was measured at the beginning and at the end of each
sample type to check for memory effects. MALS geometric diame-
ter (Dgeo) was calculated from the radius of gyration (Rg) applying
the hard sphere model using the following correlation: Dgeo = 2
X Rg |/ /(3/5). The shape factor was defined as Rg /R, where Ry
is the equivalent hydrodynamic radius calculated from retention
times. Retention times were calibrated with polystyrene nanobeads

(ThermoFisher Scientific, USA) with a mean diameter (hydrody-
namic diameter certified by DLS) of 20, 41, 81, and 152 nm diluted
in UHP water. The concentration of nanobeads was 20 mg kg~ for
20 nm and 41 nm and 200 mg kg~! for 81 nm and 152 nm, respec-
tively. Nanobeads were measured at the beginning and at the end
of each sequence to control the system reproducibility. The second-
degree polynomial function was used to fit the calibration curves.
Examples of calibration curves are shown in Figure S1. Low and
high detection limits for the equivalent hydrodynamic diameter are
accurately defined by minimum and maximum sizes of the calibra-
tion beads, which were 20 nm and 152 nm, respectively. It should
be noted that the particle sizes >152 nm were calculated by ex-
trapolation of the calibration curve and are, therefore, less accu-
rate. By calibrating the AF4 with a nanobead mixture of a broader
size range (20, 41, 81, 152, and 350 nm) in a separate run (after
the experiments) and comparing the accuracy of size calculation
for retention times <43 min, we concluded that sizes calculated
with the calibration range of 20-152 nm do not deviate by more
than 14% from sizes calculated with the calibration range of 20-
350 nm.

2.4. Particle quantification with sp-ICP-TOFMS

For the steel extract particles, the elemental mass in individual
particles and the particle number concentration were determined
using the method reported by Pace et al. [16]. Element-specific in-
strument sensitivities were measured with a mixture of Ti single
element standard and Nb single element standard (Inorganic Ven-
tures, USA) in the concentration range of 0.05-100 pg kg~!. Au
nanoparticles (AuNPs) with a certified particle mean diameter of
60 nm (RM 8013, NIST, USA) and Au element standard solutions
(InorganicVentures, USA) prepared in UHP water were measured
to determine the transport efficiency of the sample introduction
system. The transport efficiency was calculated using the method
described by Pace et al. [16]. The measurement of calibration solu-
tions and AuNP was conducted offline by decoupling the AF4 from
the sample introduction system of the ICP-TOFMS. The sample up-
take flow rate in offline mode was identical to the output flow of
the AF4 system. To determine the detection limits for Ce and La in
the spiked soil samples, element-specific sensitivities were mea-
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Fig. 1. a) MALS 90° signals of NbCN and TiNbCN particles with MALS geometric diameter shown on the plot as black dots. b) MALS 90° signals of NbCN and TiNbCN particles

with the shape factor shown on the plot as black dots.

sured with a rare earth element standard solution (Ce, Dy, Er, Eu,
Gd, Ho, La, Lu, Nd, Pr, Sc, Sm, Tb, Th, Tm, U, Y, Yb) of 10 pg kg!
(Inorganic Ventures, USA). The transport efficiency was determined
in the same way as for NbCN and NbTiCN particles.

2.5. sp-ICP-TOFMS data processing

Particle signal processing was realized using the particle pro-
cessing module in TofPilot software (Tofwerk, Switzerland). Parti-
cle/noise signal separation was performed using a running window
of 100 data points. For each window, a threshold was calculated
according to Eq. (1), which describes low intensity noise more ac-
curately than the 3*sigma approach [34]:

Threshold = mean + (3.29 x SD + 2.71) (1)

where mean and standard deviation (SD) of signals are calculated
in counts for each window of 100 data points.

All peaks exceeding the threshold were selected as particle sig-
nals and extracted from the data set. This process was repeated
iteratively until no more peaks were detected. The signal of dis-
solved ions (mean of all signals left after thresholding in the in-
terval of 100 points, which includes truly dissolved ions and NPs
below the size detection limit) was subtracted from each parti-
cle signal. At the TOFMS integration time of 3 ms, a small frac-
tion of particle signals was split between two integration times.
These split-signals were summed up after peak/background sub-
traction. The time dimension of each isotope signal in each particle
was preserved throughout the data processing, allowing to look for
element correlations in individual particles and to calculate parti-
cle retention times. For standard AuNPs, the median signal inten-
sity was used as an approximation for the statistical mode. Counts
per particle were converted to mass per particle for each element.
Masses of NbCN and TiNbCN particles were calculated summing
up the mass of Ti and Nb and applying a mass correction factor to
compensate for the C and N contribution, which cannot be mea-
sured by sp-ICP-MS technique due to very high detection limits.
Masses were converted to volumes using a density of 7.8 g cm -3
for NbCN and of 6.6 g cm ~3 for TiNbCN, respectively. Sizes were
calculated assuming the particles are spherical. Particle number
concentrations were calculated from the total number of particle
signals detected per run, corrected by transport efficiency and to-
tal sample volume measured, as described elsewhere [16].

Detection limits were calculated from the signals of UHP water
using Eq. (2):

LOD =3.29 x SD + 2.71 (2)

where SD is the standard deviation of the background signal in
counts.

LODs in counts were converted to particle sizes in the same
way as described above.

Particle number concentration recoveries in the AF4-sp-ICP-
TOFMS analysis were calculated using Eq. (3):

Recovery = Cara_sp_icp—torms/Csp—icp—Torms x 100% (3)

where Capg-sp-icp-Torms 1S the particle number concentration deter-
mined by AF4-sp-ICP-TOFMS and Csp.icp-rorms iS the particle num-
ber concentration determined by standalone sp-ICP-TOFMS.

3. Results and discussions
3.1. AF4-ICP-TOFMS of carbonitride nanoparticles

NbCN and TiNbCN particles extracted from micro-alloyed steel
were used as a model to test the feasibility of the AF4-ICP-TOFMS
in both conventional and single particle modes to determine parti-
cle size distributions and particle number concentrations of com-
posite particles. STEM studies of Hegetschweiler et al. [29] on the
same steel extracts indicated that NbCN and TiNbCN particles have
a mean diameter of 28 nm and 86 nm, respectively, representing
two different size populations with different elemental composi-
tions. An AF4-MALS fractogram of an undiluted particle suspension
is shown in Fig. 1. No separation of NbCN and TiNbCN particles
could be achieved after testing various AF4 conditions suggesting
broad particle size distributions of both particle types. The geomet-
ric diameters, calculated from the MALS radius of gyration, ranged
from 70 to 300 nm across the peak (Fig. 1a) and were consistently
smaller than the equivalent hydrodynamic diameters (Fig. 2). This
observation can be explained by the presence of a low mass or low
density shell around these particles that does not significantly con-
tribute to the MALS signal but increases the hydrodynamic sizes
of these particles and, thus, retention times. This is also reflected
in the shape factor with the average value calculated over 50% of
the MALS peak width of 0.67 indicating a spherical shape with a
dense core surrounded by a less dense, presumably organic shell
[35,36]. No UV-Vis signal was detected most likely due to low par-
ticle number concentration. Since the composition of these parti-
cles was well known, the ICP-TOFMS signals did not provide any
additional information and are, therefore, not presented.

3.2. AF4-sp-ICP-TOFMS of carbonitride nanoparticles

For the single particle run, the sample was diluted 150 times
prior to injection. Fig. 3 shows an overlay of MALS 90° signals and
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consisted of smaller particles which contained Nb only (Fig. 3b);
whereas the second population eluted later and contained both Ti
and Nb (Fig. 3c). These results suggest that the first size popula-
tion is NbCN particles and the second population is TINbCN parti-
cles and is in good agreement with our prior knowledge on these
particles. ICP-TOFMS single particle signals detected in the reten-
tion time interval of 11-38 min were converted to particle sizes
and were compared to those measured by the standalone sp-ICP-
TOFMS (Fig. 4). For both particle types, the size distributions mea-
sured with and without AF4 were almost identical, indicating no
significant agglomeration of particles induced by the fractionation
process in the AF4 channel.

Fig. 5 shows the mass-based diameters from sp-ICP-TOFMS
plotted against the equivalent hydrodynamic diameters calculated
in the time interval of 11-38 min. The geometric diameter could
not be reliably calculated in this run due to low MALS signal inten-
sity. The equivalent hydrodynamic diameter appears to be larger
than the mass-based diameter for both particle populations with
the mass-based diameter increasing less drastically across the re-
tention time. The equivalent hydrodynamic size distribution is also
much broader than the mass-based size distribution. This may be
attributed to a combination of several factors including (i) the
presence of particle agglomerates in the sample, (ii) the differences
in the measurands obtained by AF4 and sp-ICP-TOFMS, (iii) devia-
tions from the spherical shape assumed for the size calculation in
both methods, (iv) the existence of an organic shell on the par-
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Fig. 3. a) MALS and ICP-TOFMS signals plotted against retention times. MALS signals from two replicates are shown. ICP-TOFMS signals were acquired with 3 ms integration
time, but in this plot, data is binned over 0.6 s for a clearer data representation. b) ICP-TOFMS signal at the retention time of 24 min acquired with 3 ms integration time,
showing particles containing Nb only, with Ti signal being the background noise only. c) ICP-TOFMS signal at the retention time of 35 min acquired with 3 ms integration
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article.)
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Fig. 6. a) MALS 90° signals of particles extracted from soil samples, spiked with the ENPs stock suspension of different concentrations. The MALS geometric diameter for 5
mg kg~! spiked sample is shown on the plot as a black line. b) MALS geometric diameter vs equivalent hydrodynamic diameter of 5 mg kg~ spiked sample. In the range of
40-100 nm, both methods gave similar sizes with the MALS sizes being smaller at the leading and tailing side of the fractogram.

ticles, and (v) particle-specific interactions with the membrane in
the AF4 channel.

If particles form agglomerates, the equivalent hydrodynamic di-
ameter will be larger than the mass-based size and its size range
broader. This is because the size obtained from sp-ICP-TOFMS is
calculated by summing masses of all primary particles within the
agglomerates. The size calculated from the mass will always be
smaller than the size of the agglomerate with its less compact,
fractal geometry. STEM analysis indicated that primary NbCN and
TiNbCN particles are close to spherical [29], and, therefore, particle
sphericity is a valid assumption for size calculations.

Agglomeration explains the broadening of the hydrodynamic
particle size above mass-based sizes, but it does not explain why
even the primary particles appear larger. Organic shell on the inor-
ganic particle core that is not detected by sp-ICP-TOFMS or MALS
is the most probable explanation for the overall increase of the hy-
drodynamic diameter. The particles were extracted from steel us-
ing the Disperbyk-2012 surfactant that is based on a surface-active
polymer which covers the particle surface. The observed combi-
nation of larger average hydrodynamic particle sizes and wider
hydrodynamic size distributions suggest the presence of both ag-
glomerates and organic coatings. This additional size information
gained by AF4 is crucial for an accurate data interpretation of the
sp-ICP-TOFMS results.

The particle number concentration determimed byAF4-sp-ICP-
TOFMS was lower than that from standalone sp-ICP-TOFMS. If
the concentration measured with the standalone sp-ICP-TOFMS is
taken as a reference, the concentration recoveries obtained with
the AF4-sp-ICP-TOFMS were 78% for NbCN and 47% for TiNbCN.
Particle losses in the AF4 system is one possible explanation for
this incomplete recovery. The lower recovery of TiNbCN particles
compared to NbCN particles could partially be attributed to their
larger size, which is likely to result in higher membrane parti-
cle interaction as larger particles are moving closer to the channel
membrane during the fractionation process.

In order to test this hypothesis, we measured UHP water blank
after the particle sample. The results did not indicate substan-
tial memory effects. The lower recovery of TiNbCN particles (47%)
compared to NbCN particles (78%) is most likely explained by their
higher size detection limits in the AF4-sp-ICP-TOFMS compared
to the standalone sp-ICP-TOFMS. The size detection limits in the
sample, estimated from the background signal left after running
the particle signal removal algorithm, were 28 nm for NbCN and
48 nm for TiNbCN particles in the standalone sp-ICP-TOFMS analy-

sis, and 28 nm for NbCN and 62 nm for TiNbCN particles in the
AF4-sp-ICP-TOFMS analysis. The higher LOD of TiNbCN particles,
which explains poorer recovery of these particles, are due to higher
Ti background signal most likely coming from solvent impurities.
The run to run particle number concentration reproducibility (from
3 runs) from the AF4-sp-ICP-TOFMS analysis was 13% for NbCN and
7% for TiNbCN particles.

3.3. AF4-ICP-TOFMS of spiked soil samples

Extracts of the spiked soil samples were first measured with
the AF4-ICP-TOFMS in conventional mode without any sample di-
lution. Fig. 6a shows MALS signals of soil samples spiked with dif-
ferent concentrations of ENPs. The MALS signal intensity increased
from unspiked to 5 mg kg~! spiked sample. Particle geometric
sizes were in the range of 20-140 nm and increased with the re-
tention time, indicating good sample fractionation in AF4. The geo-
metric diameter distribution and the equivalent hydrodynamic dis-
tribution obtained from retention times (Fig. 6b) were comparable
in the range of 40-100 nm with MALS sizes being smaller at the
leading and tailing part of the fractogram.

Ti, Fe and Ce ICP-TOFMS signals and UV-Vis signals also in-
creased with the increase in the spiked ENP concentration (Fig. 7).
The increase in the concentration of spiked elements can arise
from both (i) the increased concentration of TiO,, Fe;03 and CeO,
spiked engineered particles, and (ii) the increased extraction effi-
ciency of natural particles containing these elements due to the
introduction of residual surfactants (left after synthesis) together
with ENP spikes, enhancing extraction efficiency of all particles.
The ICP-TOFMS signals of Ti, Fe and Ce were integrated in the in-
terval of 11 to 38 min for each elution peak and ratios of net sig-
nals (the signal of the unspiked sample was defined as a back-
ground and was subtracted from the sample signals) were calcu-
lated and are presented in Table 3. We observed an approximately
twofold increase in element concentrations of Ti, Fe, and Ce in con-
trast to the expected tenfold increase. This shows that the extrac-
tion efficiency of ENPs was not proportional to the spiked concen-
tration. This could be due to concentration-dependent particle ag-
glomeration [37,38].

Along with Ti, Fe, and Ce, the following elements were de-
tected: Mg, Al, Si, V, Mn, Co, Zn, Ga, As, Y, Zr, Nb, I, Cs, Ba,
Pb, Th, U, La, and other rare earths elements (REE) such as Pr
and Nd. The ICP-TOFMS signals of selected isotopes from the un-
spiked sample are shown in Fig. 8. This complex element mix
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Table 3
Expected and measured Ti, Fe, and Ce concentration ratios in soil extract samples spiked with the ENPs at different concentrations.

Expected concentration ratio

Ti measured concentration ratio

Fe measured concentration ratio

Ce measured concentration ratio

0.5/0.05 = 10
5/0.5 = 10

2.0
23

1.6
2.0

1.7
2.0
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Table 4

Ce/La ICP-TOFMS signal ratios from the soil ex-
tract samples spiked with the ENPs stock sus-
pension of different concentrations.

Spike conc. (mg kg~!) Ce/la
non 3.2
0.05 34
0.5 3.6
5 33

represents the soil composition and was common to all sam-
ples. The data suggest that there are three different populations
of particles of different elemental compositions. The first parti-
cle population with a modal peak at ca. 13 min contained most
of the detected elements, including Ti, Fe, and Ce. The second
particle population with a modal peak at ca. 18 min contained
mainly Zn. The third particle population with a modal peak at
ca. 20.5 min contained Al and Si. It was hypothesized that the
concentration of elements originating from natural particles re-
mains constant with the increased spiked ENP concentrations, be-
cause the soil mass was identical for all spiked samples. However,
their concentrations increased in the same way as the concentra-
tion of elements from the spiked ENPs (Table S1). This observa-
tion indicates that the twofold concentration increases of Ti, Fe,
and Ce were not only due to the increased spiked ENP concen-
tration, but also originated from the increase of the natural parti-
cle concentration due to a general increase in extraction efficiency.
Therefore, conventional AF4-ICP-TOFMS was not able to distinguish
the spiked ENPs from the strong background of natural particles
containing Ti, Fe, and Ce. This example, however, demonstrates
the advantage of detecting all elements in underpinning data
interpretation.

Praetorius et al. described in their recent work [10] how the
association of Ce primarily with La and other REEs in individual
particles can be used to distinguish between pure-Ce engineered
particles and non-pure natural Ce-containing particles. The authors
proposed a fingerprint method which can recover concentrations
of engineered CeO, at orders of magnitude lower than the con-
centrations of Ce-containing natural particles in soil samples that
would be impossible to do with conventional ICP-MS. In our spiked
samples, we observed a slight increase in Ce/La bulk mass ratios
with the increase in spike concentration, except for the 5 mg kg~!
spiked sample, which showed a decrease (see Table 4). Each sam-
ple was run only once, hence, no ratio errors can be reported. The
absence of a significant shift in the Ce/La ratio was again attributed
to the much higher cerium concentration in the natural soil rela-
tive to the spiked CeO, concentrations.

3.4. AF4-sp-ICP-TOFMS of spiked soil samples

Two extracted soil suspensions with the highest and the lowest
Ce/La bulk ratios (3.2 and 3.6 at 0 mg kg~! spike and 0.5 mg kg~!
spike, respectively) were diluted 100 times and run in AF4-sp-ICP-
TOFMS. Only few particles containing Ce (2 Ce and La and 37 Ce-
only particles in the unspiked sample and 12 Ce and La and 89 Ce-
only particles in the spiked sample) were detected. The majority of
Ce-containing NPs had a hydrodynamic diameter < 150 nm with a
modal peak at approximately 50 nm (Fig. 8), which would corre-
spond to an even smaller particle core size. The size detection limit
of pure CeO, particles, estimated from the signal of the UHP wa-
ter blank, was 20 nm. The background signal intensity during the
sample run was identical to the signal of the water blank and the
same detection limit of 20 nm is applicable for the sample. To ver-

Journal of Chromatography A 1641 (2021) 461981

ify whether individual Ce-particles can be detected at all in these
samples, the samples were diluted 10° and 10° times and mea-
sured with the standalone sp-ICP-TOFMS. Very few Ce-containing
particles of relatively low intensity (corresponding to particle sizes
close to detection limits) could be detected in the diluted samples.
These results indicate that Ce-containing particles, both spiked and
natural, present in the extracted soil suspensions were too small
to be detectable in single particle mode. Fig. 8, however, suggests
that Ce-containing particles with sizes up to 150 nm are present
in these samples. The fact that we cannot detect any Ce from
these particles is an indication that these particles have only a
small amount of Ce, which is undetectable on a single particle
level.

Samples spiked with 0.05 mg kg~! and 0.5 mg kg~! ENPs
were centrifuged at a lower rpm to obtain a particle suspension
with a larger size cut-off of 450 nm, diluted 100 times, and mea-
sured by AF4-sp-ICP-TOFMS. Ce was detected in particles either
alone or associated with La, no other REE reported by Praeto-
rius et al. [10] were detectable on a single particle level. Signals
from the conventional AF4-ICP-TOFMS run of the unspiked sam-
ple filtered with 100 nm cut-off (Figure S2) demonstrate that be-
side La, Ce was also associated with other REE in natural par-
ticles. The ratio of REE signals to Ce signal is, however, much
lower than the La/Ce ratio and explains why no REE could be de-
tected in individual particles. Particle signals with Ce-only or with
both Ce and La (CelLa) were separated in two populations and the
10Ce*signal from both populations is shown in Fig. 9 together
with the MALS signal. The 0Ce* signal from Ce-only particles
was relatively low (most signals < 10 ions per particle) in com-
parison to 0Ce* signal in CelLa-containing particles. Higher sig-
nal intensity means higher mass content of Ce in Cela particles
and indirectly larger mean size. CeLa particles also eluted later in
AF4 (Fig. 9), confirming their larger size. A Ce/La mean signal ra-
tio of 1.3 & 0.6 in individual particles was the same for both spike
concentrations.

The fact that we did not detect any La in Ce-only particles does
not necessarily imply that La is not present in these particles. The
La mass in these particles may be below the detection limit of the
sp-ICP-TOFMS, a very likely explanation because we expect compa-
rable detection limits for Ce and La (CeO, - 20 nm, La - 22 nm)
and the ratio of Ce/La of 3 according to the results of the bulk mea-
surements. The number of both types of particles and their ratios
were calculated from the entire run and are shown in Table 5. Ex-
cluding the possibility of concentration-dependent particle losses
during sample preparation, we would expect to detect more of Ce-
only particles in the 0.5 mg kg~! spiked sample than in the 0.05
mg kg~! one. The difference in Ce/CeLa particle number between
two spike concentrations was, however, very minor. The results of
this experiment support the hypothesis that most of detected Ce
and Cela particles are of natural origin and the recovered spike
concentration was too low to be distinguishable from the natu-
ral background. The low recoveries of the spiked CeO, particles
may be due to particle hetero-aggregation with soil organic matter
leading to losses of the spiked particles during particle extraction
and filtration [39].

Table 5
Number of Ce-only and CeLa particles and their ratios in the soil extract samples
spiked with the ENP suspension of 0.05 mg kg~! and 0.5 mg kg~'.

Spike conc. # of Ce-only # of Cela

(mg kg 1) particles particles # Ce[# Cela
0.05 1230 1835 0.67

0.5 1494 2204 0.68
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4. Conclusion

In this study, we demonstrated the advantages of online cou-
pling of an AF4 with a simultaneous multi-element ICP-TOF mass
spectrometer and using the hyphenated system in both conven-
tional and single particle analysis modes. In conventional mode,
TOFMS provides not only the concentration of target elements, but
also the complete elemental composition of all particle popula-
tions. In single particle mode, in addition to mass-based metal core
particle size from sp-ICP-MS, the equivalent hydrodynamic diame-
ter from external size calibration and radius of gyration or geomet-
ric diameter from the MALS detector can be determined, provid-
ing additional information about the presence of agglomerates, or-
ganic moieties or coating. The sizes determined by AF4 are, there-
fore, closer to the true particle sizes than the core size from sp-
ICP-MS, which is calculated from the element masses assuming
an ideal particle geometry and a known density. The combination
with TOFMS enables to study not only single element particles,
as it is the case with sequential analyzers, but also complex par-
ticles that contain multiple elements. Furthermore, sp-ICP-TOFMS
directly measures the particle number concentration of all particles
in the same run that complements the concentration information
determined in bulk.

For steel extract particles, we concluded that some particles are
present in the form of agglomerates and most likely have an or-
ganic shell on their surface. This information would not be acces-

10

sible with the standalone sp-ICP-TOFMS. The particle size distribu-
tions of NbCN (average diameter of 28 nm) and TiNbCN (86 nm)
were relatively broad and could not be discerned by MALS detec-
tor following AF4 fractionation. These two types of particles, how-
ever, could be discriminated by sp-ICP-TOFMS analysis by tracing
the unique elemental composition of individual particles.

We used particle suspensions extracted from soil samples that
we spiked with a mixture of ENPs at different concentrations in
order to demonstrate how combining different experiments with
the AF4-ICP-TOFMS helps to study a complex particle sample. In
conventional mode, we observed an increase of ICP-TOFMS sig-
nals of spiked elements with the increase of the spike concentra-
tion which could falsely be interpreted as the increase due to the
spiked ENPs. Screening all elements in the extracted sample indi-
cated that this increase is mostly due to the increase in the over-
all extraction efficiency of natural particles. Applying bulk element
ratio measurements and single particle fingerprinting did not help
to find the added particles in natural soils. We conclude that the
spike concentrations of ENPs recovered from the soil were too low
to be traceable in the presence of a high background of natural
particles.

Our results and observations illustrate the valuable comple-
mentary information obtained by AF4-ICP-TOFMS and AF4-sp-ICP-
TOFMS. The online coupling of AF4 with sp-ICP-TOFMS is, how-
ever, associated with several challenges. Finding an optimal par-
ticle number concentration for both AF4 and sp-ICP-TOFMS can be
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difficult and not always possible due to sample complexity. The
particle number concentration optimal for the sp-ICP-MS analy-
sis is not always high enough for the MALS detector, as it was
the case for NbCN and NbTiCN particles, and an additional run
at higher particle number concentration was required to gain this
missing information. Thus, we believe that for most of the sam-
ples both AF4-ICP-TOFMS and AF4-sp-ICP-TOFMS analyses must be
conducted to gain the most detailed information about the sample.
For some studies, offline coupling, which was beyond the scope of
this work, might be more feasible than the online coupling and
the suitability of the method must be evaluated on a case-by-case
basis.
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