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Nanomaterials (NMs) characterization by means single particle inductively coupled plasma mass
spectrometry (splCP-MS) relies on assessing transport efficiency. To this end, different strategies have
been proposed but contradictory reports could be found about which strategy provides the most
accurate results since our knowledge about NMs transport through the sample introduction system is
still limited. The goal of this work is to evaluate the role of aerosol transport on NMs characterization by
means splCP-MS. To this end, a 70 nm platinum nanoparticles (PtNPs) suspension and a 10 ng mL™t
jonic Pt solution were analyzed under different operating conditions. Next, plasma and tertiary aerosol
characteristics (i.e., drop size distribution and transport rate of solvent, PtNPs and Pt ions) were checked
to explain experimental findings. Our results shows that the number of events, PtNPs event intensity and
Pt ionic signal depend on both aerosol transport and plasma operating conditions. Interestingly, tertiary
aerosol characterization reveals that NMs, ionic and solvent transport efficiencies differ significantly.
Thus, irrespective of the nebulization conditions, transport efficiencies follow the order solvent > ionic Pt
> PtNPs. For instance, when operating a nebulizer gas flow of 0.9 L min~ and a sample uptake rate of
300 pL min™%, transport efficiency values were 5.77 + 0.03, 3.89 + 0.12 and 3.35 & 0.06%, respectively.
Similar results were observed operating different metallic NPs (ie., 50/150 nm AuNPs) and spray
chamber designs (i.e., Scott double pass/cyclonic spray chambers). These findings are of fundamental
importance for spICP-MS metrology since some strategies for evaluating transport efficiency are based
on assuming that the above-mentioned species are transported similarly into the plasma. The method
based on the number of events seems the best approach since it is really based on NMs transport into

the plasma. Both ionic and NMs pulse intensity ratios and solvent-based methodologies are, however,
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Accepted 25th July 2023 not based on NMs transport efficiency and, hence, they could lead to inaccurate NMs characterization in

terms of particle size and concentration depending on splCP-MS operating conditions. For both
approaches, because the dampening effect of cubic root when calculating particle size from transport
efficiency, particle size distribution bias was less significant than particle concentration bias.
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generates a signal peak (i.e., particle event over a continuous
baseline). Operating this way, the number of events detected in

1. Introduction

Single particle inductively coupled plasma mass spectrometry
(spICP-MS) is a powerful analytical tool for the characterization
and quantification of nanomaterials (NMs) in a wide variety of
samples.”” In this technique, a diluted NMs suspension is
nebulized, and the aerosol generated is transported through the
spray chamber to the plasma, where NMs are vaporized/
atomized and their constituting atoms are ionized, generating
an ion cloud. If transient signals are registered, each ion cloud
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a spectrum and their intensity can be related to particle
concentration and mass, respectively.®*

Over the years, a significant number of works have investi-
gated technique fundamentals and how certain experimental
parameters affect NMs characterization, such as: (i) plasma
operating conditions (r.f. power, nebulizer gas flow rate, inte-
gration time, etc.);>” (ii) NMs physicochemical properties;®® (iii)
sample introduction system;'®'* (iv) spectral interference
reduction by means collision/reaction technology;'*** (v) non-
spectral interferences by inorganic**™ and organic
matrices;'”'>*° (vi) calibration strategies;'®'>**** and (vi) mass
analyzer detection capabilities.>® Though these efforts have
significantly improved technique metrology, there are still gaps

This journal is © The Royal Society of Chemistry 2023
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in the state-of-the-art, particularly about NMs transport through
the sample introduction system under different nebulization
conditions and how this affects NMs characterization.

In the absence of certified NMs standard suspensions of
known particle concentration and size, NMs determination is
accomplished by estimating NMs transport efficiency (i.e., the
fraction of aspirated NMs reaching the plasma).>*” To this end,
different strategies have been proposed in the literature: (i)
number of events. A suspension of known concentration is
nebulized, and transport efficiency is estimated from the ratio
between the number of particles detected with respect to those
initially nebulized. While this strategy is specifically based on
NMs transport into the plasma, special care is required select-
ing experimental conditions and signal processing algorithms
to differentiate NMs ionization signal from the background;? (ii)
ionic and NMs pulse intensity. In this approach, transport
efficiency is estimated by using both an ionic and a NMs
(generally NPs) standard suspension of known mean diameter.
Assuming that ions and particles behave similarly through the
analysis by means spICP-MS (i.e., nebulization, transport, and
ionization), NMs transport efficiency is estimated as the
quotient of signal-to-mass ratios of both the ionic standard and
the NMs standards;* and (iii) solvent transport methodolo-
gies.”>*®*® Nanomaterials transport efficiency is evaluated by
measuring the aerosol mass introduced into the plasma with
regard the sample amount nebulized for a given period of time
(e.g., 60 min). This strategy assumes that both NMs and solvent
are transported into the plasma equivalently.

Though these approaches have been successfully employed
in a wide range of analytical applications, contradictory reports
are found in the literature about which one is the most suitable
for the accurate and precise characterization of NMs by means
spICP-MS.** For instance, some authors have observed that
transport efficiency estimated by using intensity signals is
usually higher (10-40%) than that obtained with the number of
events.”®* However, it has also been reported that both
approaches provide equivalent results.® As regards solvent-
based methodologies, it has also been noted that they usually
overestimate transport efficiency with regard the remaining
approaches.”?® This lack of consistency is not surprising
considering that any of the above-mentioned strategies are
based upon a series of hypothesis (i.e., NMs, ions and solvent do
behave equivalently through the sample introduction system
and within the plasma)**-** which might not be always fulfilled
thus providing biased results.

The limited number of studies about aerosol transport
fundamentals with spICP-MS can be attributed to the lack of
a direct methodology for assessing NMs transport. Our research
group has recently demonstrated that this parameter can be
directly measured using a similar procedure to that previously
described for assessing dissolved ions transport efficiency.*
This procedure is based on aerosol retention at the exit of the
spray chamber with the aid of microquartz filters followed by
a microwave-assisted extraction treatment with ammonium
hydroxide 2% w w™' and NMs quantification by spICP-MS.
Therefore, this procedure allows, together with well-stablished
protocols for solvent and dissolved ion transport rate
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measurements,*® investigate aerosol transport phenomena
influence on spICP-MS figures of merit. The goal of this work
was to evaluate the influence of the methodology selected for
transport efficiency estimation on NMs characterization by
means spICP-MS and to gain insight into the differences on
transport efficiencies provided by each methodology. To this
end, a 70 nm platinum nanoparticles (PtNPs) suspension and
an ionic Pt solution were analyzed under different operating
conditions (i.e., nebulizer gas flow, Q,; sample uptake rate, Qj;
and sampling depth positions, SD) by means spICP-MS using
a liquid sample introduction system made of a MicroMist
concentric pneumatic nebulizer and a Scott double pass spray
chamber. Next, plasma characteristics (CeO'/Ce" ratio) and
tertiary aerosols (i.e., drop size distribution and transport rate of
solvent, PtNPs and Pt ions) were checked to explain signals
afforded by spICP-MS. After that, current methodologies for
estimating transport efficiency and NMs characterization were
critically reviewed considering experimental results. In order to
validate major experimental findings, alternative metallic NPs
(i.e., 50 and 150 nm AuNPs) and spray chamber design (i.e.,
cyclonic) were additionally tested.

2. Materials and methods

2.1. Reagents and materials

All solutions and suspensions were prepared using ultrapure
water (Milli-Q water purification system, Millipore Inc., Paris,
France). A stock suspension of citrate-stabilized PtNPs with
a nominal diameter of 70 nm and a nominal concentration of 1.2
x 10" mL™" (NanoComposix, San Diego, USA) and citrate-
stabilized AuNPs with nominal diameters of 50 and 150 nm
and concentrations of 3.5 x 10" and 3.6 x 10° mL™" (Cyto-
diagnostics, Burlington, Canada) were employed through this
work. Similarly, Pt and Au mono-elemental 1000 mg L™ stan-
dards (Sigma-Aldrich, Schelldorf, Germany) were employed to
assess ionic aerosol transport as well as to characterize metallic
NMs. A Ce mono-elemental 1000 mg L' standard (Sigma-
Aldrich, Schelldorf, Germany) was diluted to evaluate plasma
characteristics under different operating conditions (i.e., CeO"/
Ce' ratio). Silica gel was used to evaluate solvent transport effi-
ciency (Sigma-Aldrich, Schelldorf, Germany). Microquartz-fiber
filters (50 mm diameter, 0.3 mm nominal pore size, Munktell)
from Thermo-Fisher Scientific (Waltham, USA) were used for
measuring PtNPs transport efficiency through the sample intro-
duction system. Ammonium hydroxide solution (28% ww ') and
ultrapure nitric acid (69% ww ") from Sigma-Aldrich (Steinheim,
Germany) were, respectively, employed to prepare PtNPs and
ionic Pt extracting media from microquartz-fiber filters.

2.2. Instrumentation

A triple quadrupole-based 8900 ICP-MS instrument (Agilent,
Santa Clara, USA) was employed throughout this work for
assessing the influence of working conditions on NPs charac-
terization by means spICP-MS. This instrument was equipped
with a MicroMist concentric pneumatic nebulizer and a Scott
double pass spray chamber (inner volume 75 cm®) cooled at 2 °C
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(Agilent, Santa Clara, USA). Nevertheless, additional experi-
ments were performed using a cyclonic spray chamber (inner
volume 42 cm?®) instead of the double pass one. Table 1
summarizes ICP-MS operating conditions. In all cases, metallic
NMs suspensions were sonicated for 1 min prior to ICP-MS
measurements using a 50 W ultrasound water bath (Selecta,
Barcelona, Spain). Data acquisition and analysis were con-
ducted via the single nanoparticle application module present
in the software controlling ICP-MS (MassHunter version 4.5).
Separation of event signals from background was carried out by
defining a signal threshold as 5 times the standard deviation of
the background signals (i.e., 5¢ criterion).?

Prior to ICP-MS measurements, NMs were characterized by
means transmission electron microscopy (TEM), using a JEM-
1400 Plus electron microscope (JEOL, Tokio, Japan) operating
at 120 kV. Nanoparticle size distribution data afforded by TEM
were employed as a reference for evaluating instrumental
conditions effect on particle size distributions. A detailed
description of sample preparation procedure for TEM observa-
tions can be found elsewhere.*

2.3. Characterization of tertiary aerosols

In this work, a thorough characterization of tertiary aerosols at
the exit of the spray chamber was performed under different Q,
and Q; (Table 1). To this end, the following parameters have
been monitored: (i) tertiary aerosol drop size distribution; (ii)
solvent transport rate; (iii) PtNPs transport rate; and (iv) ionic Pt
transport rate.

2.3.1. Drop size distribution. Tertiary aerosols drop size
distributions were measured by means of a Fraunhoffer laser
diffraction system (model 2600c, Malvern Instruments Ltd.,
Malvern, Worcestershire, UK). A detailed description of instru-
ment characteristics can be found elsewhere®**” (Fig. S1, ESIT).

2.3.2. Solvent transport rate. Solvent transport rate (S
into the plasma was determined by collecting the aerosol at the
exit of the spray chamber by means a U-tube filled with dried
silica gel for 10 minutes®**” (Fig. S2, ESI{).

Table 1 ICP-MS operating conditions for the detection of dissolved
ions and NPs

Conventional mode Single particle mode

Plasma forward power (W) 1550
Sampling depth (mm) 4/8/12
Argon flow rate (L min ")
Plasma 15
Auxiliary 0.9
Nebulizer (Qg) 0.7/0.9/1.1
Torch i.d. (mm) 1.0
Sample introduction system
Nebulizer MicroMist®
Spray chamber Scott double pass & cyclonic
Sample uptake rate (Q;) 100/300/500
(ML min™)
Dwell time (ms) 10 0.1
Measuring time (s) 5 60
Nuclides 195pt*, 970"
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2.3.3. PtNPs transport rate. Nanomaterial transport rate
(Wnp) was assessed according to the procedure developed in
a prior work.* Briefly, a 7 x 10° mL ™' PtNPs suspension was
nebulized for 10 min and tertiary aerosols were collected at the
exit of the spray chamber with the aid of a microquartz filter and
a vacuum pump (Fig. S3, ESI{).

Next, filters were immersed into 40 mL of a 2% w w
NH,OH solution and a set of 6 samples were heated inside
a domestic microwave oven (Bluesky BMG20M-18) for 4 min
using the highest power available (800 W). To avoid sample
projections and minimize liquid loss by evaporation, samples
were covered with a glass watch during the extraction process.
Finally, the NMs extract was analyzed by means spICP-MS.

2.3.4. Ionic Pt transport rate. Ionic platinum transport rate
(Wionic) was measured using the same experimental procedure
employed for assessing PtNPs transport rate (Fig. S3, ESI{). In
this case, a 10 pg mL™" ionic Pt solution was nebulized for
10 min. Because the poor solubility of Pt under basic condi-
tions, a 1% ww ' HNO; solution was employed to release ionic
Pt from the microquartz filter.?*

1

3. Results

Platinum nanoparticles were selected to gain insight about the
role of aerosol transport on NMs characterization by means
SpICP-MS due to: (i) its high stability; (ii) the low memory effects
shown by ionic solutions of Pt in ICP-MS; and (iii) the low
complexity of Pt background spectrum. First, “>Pt" time scans
afforded by a PtNPs suspension (1.5 x 10* mL™") were regis-
tered under different operating conditions (i.e., Qg, Q; and SD).
Next, both tertiary aerosol and plasma characteristics were
examined to explain the changes noticed on spICP-MS signals.
Plasma ionization conditions were indirectly evaluated by
means the CeO'/Ce' ratio® whereas tertiary aerosols were
assessed by measuring: (i) aerosol drop size distribution; (ii)
Siwor; and (iii) Wyp.***® For the sake of comparison, signal
changes for an ionic Pt solution (10 ng mL ") and Wigp;. were
also monitored. This information is highly valuable from
a practical point of view since, in the absence of certified
reference samples and standards, NMs characterization by
means spICP-MS relies on the use of ionic standards.* Thus, it
is important to evaluate whether NMs and dissolved ions
behave similarly in spICP-MS.

3.1. Influence of operating conditions on the number of
events and signal intensity for PtNPs

Considering previous studies in the literature about spICP-MS
fundamentals,***** the following variables were investigated:
(i) Qg (0.7/0.9/1.1 L min™"); (ii) Q (100/300/500 uL min~"'); and
(iii) SD (4/8/12 mm). The first two parameters control aerosol
generation and transport but also affect plasma characteristics
whereas the latter is critical to understand how NMs are
atomized and ionized within the plasma. Radio frequency
power was kept at 1550 W to favor atomization and ionization
thus minimizing potential negative effects derived by solvent
introduction into the plasma. Fig. 1 gathers the influence of Q,

This journal is © The Royal Society of Chemistry 2023
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on both the number of events (Fig. 1la-c) and event signal
intensity (Fig. 1d and e) for PtNPs under different Q, and SD
values.

3.1.1. Number of events. As shown in Fig. 1, the number of
events peaked at a Q, 0f 0.9 L min~" for a SD of 4 mm (Fig. 1a) but
it continually increased with Q, when operating higher SDs (i.e., 8
and 12 mm) (Fig. 1b and c). Irrespective of Q, and SD, the number
of events rose when increasing Q). For instance, at a SD of 4 mm
and a Qg of 0.7 L min ', the number of events for 100, 300 and
500 pL min ™~ were, respectively, 210 & 30, 320 £ 20 and 370 = 20.
Finally, it was also observed that, for a given set of Q, and Qj, the
number of events was mostly independent of SD, except at 4 mm
operating a Qg of 1.1 L min™'. Thus, when operating a Q, of 0.9
L min" and a Q; of 500 uL min~", pulses at SD of 4, 8 and 12 mm
were 370 =+ 20, 380 £ 20 and 360 + 30, respectively.

Considering direct events dependence on the number of NPs
transported into the plasma,*®** tertiary aerosols characteristics

Number of events
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at the exit of the sample introduction system were systemati-
cally evaluated. Table 2 gathers tertiary aerosol mean diameter
(Dso), Stor and Wyp for different operating conditions. As ex-
pected from previous studies with pneumatic nebulizers,** D5,
diminished with the increase of Q, and when decreasing Q
(Table 2). The higher the ratio between Q, and Q,, the higher
energy per mass unit is available and hence finer aerosols are
generated. Though differences on aerosol size were noticeable
for some experimental conditions, there was not a clear rela-
tionship between tertiary aerosol Ds, and the number of PtNPs
events. Aerosol median diameter laid in a limited range (i.e.,
3.71 £ 0.02-4.38 + 0.05 um) and, hence, no significant differ-
ences on droplet vaporization/atomization should be expected.
In addition, for all the conditions tested, droplets diameters
were lower than 10 um, maximum size undergoing complete
desolvation when a conventional nebulizer-spray chamber is
used (Fig. S4, ESIt).** Because signal behavior shown in Fig. 1a-

PtNPs intensity
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Q100 (-@-), 300 (-m-), and 500 pL min~! (LA .); R.f. power: 1550 W; PtNPs concentration: 1.5 x 10* mL ™%,
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Table 2 Influence of Qg and Q, on tertiary aerosol characteristics, solvent transport, PtNPs transport and ionic Pt transport
Tertiary aerosol Solvent PtNPs Pt ions

Qg (L min~") Qi (L min™~?) D50 (um) Stor (mg min~?) Wip 1072 (part min ™) Wionic (ug min™")
0.7 300 4.38 + 0.05 14.77 £ 0.14 2.32 + 0.04 2.56 + 0.06
0.9 100 3.87 £ 0.03 10.0 £ 0.2 0.69 £+ 0.02 1.03 £ 0.02

300 3.96 + 0.04 17.2 £ 0.1 2.37 + 0.03 3.50 + 0.11

500 4.05 £+ 0.04 20.6 = 0.3 3.92 + 0.10 6.8 + 0.3
1.1 300 3.71 + 0.02 15.8 £ 0.3 2.97 + 0.03 4.5 + 0.2

c cannot be explained in terms of aerosol size, additional factors
should be considered such as S, and Wyp (Table 2). For a fixed
Qg (ie, 09 L min~ "), both S, and Wyp improved when
increasing Q; due to the higher sample amount introduced per
unit of time.?” Nevertheless, there were remarkable differences
in the behavior of both factors when Q, is modified for a given
Q (i.e., 300 pL min~"). Thus, the former peaked at a Qg of 0.9
L min~" but the latter increased with Q. While the use of higher
Qg gave rise to finer aerosols (Table 2), aerosol velocity was also
speeded up thus favoring droplet impact losses against spray
chamber walls.***® Because a diluted suspension was used,
PtNPs might not be homogenously distributed on aerosol
droplets and, hence, impact losses have a limited effect on Wyp
when compared to S, particularly if the NM was preferentially
present on aerosol finest fraction. On this regard, it is important
to remark that aerosol generated for a Qg of 1.1 L min~ ' showed
a higher volume of smaller droplets than those obtained using
Qg values of 0.7/0.9 L min~" (Table 2 and Fig. S4, ESI}). From
these results, it can be concluded that S, does not properly
reflect changes on NMs transport with Q.

If one considers results gathered in Fig. 1a-c and Table 2, it
could be clearly observed that Wy reflects pulse variations with
both Qg and Q. The lack of changes on pulse frequency with SD
is not surprising given that, for a set of Q; and Q;, NMs transport
rate is constant. Therefore, pulse suppression noticed at a SD of
4 mm and a Qg of 1.1 L min~' could only be attributed to
changes on plasma atomization/ionization conditions.” To
check this hypothesis, the CeO'/Ce" ratio was monitored under
different operating conditions (Fig. 2).*® Irrespective of SD, this
ratio increased with Qg and Q, particularly for Q, above 0.9
L min~'. On the other hand, it was observed that oxide levels
were enhanced when decreasing SD. On this regard, oxide levels
were particularly high ata SD of 4 mm and a Qg0f 1.1 Lmin ™" (3
x 10°-2.8 x 10°%) thus confirming that pulse signal reduction
is indeed related to a decrease on plasma robustness.*® From
these results, despite NM number of events are enhanced
operating higher Q, and Q,, special care should be taken to
avoid plasma deterioration, particularly due to its direct effect
on NMs atomization/ionization.'® On this regard, the CeO"/Ce”
ratio was only lower than 2% (i.e., standard value for a robust
plasma) when operating a Qg of 0.7 L min ", regardless of Q
and SD.

3.1.2. Signal intensity of PtNPs. As it is shown in Fig. 1d-f,
PtNPs ionization signal strongly depended on both Q, and SD.
Irrespective of Q), when operating at a SD of 4 mm, pulse intensity
significantly diminished (8-fold) when increasing Q, from 0.7 to

1878 | J Anal. At. Spectrom., 2023, 38, 1874-1884

1.1 L min~". However, the opposite was observed at a SD of 12
mm. In this latter case, event intensity enhancement with Q, was
rather limited (1.5-fold) when compared to signal changes noticed
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at 4 mm. As regards the SD of 8 mm, event intensity showed an
intermediate behavior to that outlined for 4 mm and 12 mm. To
explain these findings, it should be considered how both plasma
characteristics (i.e., CeO'/Ce" ratio) and Pt ionization are affected
under different operating conditions (Fig. 2). The higher the oxide
levels, the lower event signal was obtained thus remarking the
influence of plasma robustness on NPs ionization. Interestingly, it
was noticed that the highest event signal was achieved at 4 mm
operating a Q, of 0.7 L min™". For higher SD values (i.e., 8 and 12
mm), the maximum pulse intensity was 1.5-fold lower to that
obtained at 4 mm. These results suggest that the ion clouds
generated by NPs ionization were more efficiently sampled at low
SD thus minimizing ion diffusion off-axis and, hence, signal
reduction.** From the results shown in Fig. 1d-f, Q, did not exhibit
a noticeable effect on event intensity. Signal intensity in ICP-MS
depends on the total mass of analyte introduced into the
plasma. A NP is either transported into the plasma or not and,
hence, unless plasma conditions are severely deteriorated, signal
intensity should be mostly independent of Q;.**

3.2. Influence of operating conditions on ionic Pt signal
intensity

In the same way as with the PtNPs suspension, an ionic Pt
solution was analyzed (Fig. 3). Although this topic has been
extensively covered in the literature over the years,*” that kind of
study is mandatory in the context of this work to investigate
whether NMs and dissolved ionic species behave similarly
under defined operating conditions. In general, the influence of
operating conditions on ionic Pt signal was equivalent to that
previously shown for PtNPs signal (Fig. 1d-f). That is, ionic Pt
signal decreased when increasing Q, at low SD (i.e., 4 mm) but it
was enhanced at high SD (i.e., 12 mm). In this case, however, it
was observed that ionic Pt signal strongly depended on Q.
Overall, it rose when increasing Qj, regardless the Q, and SD.
Only when operating Qg above 0.9 L min ™' and SD below 8 mm,
there was no influence of Q, on the ionic Pt signal.

To explain these findings, Wjonic was studied using the same
experimental setup early employed with NPs (Fig. S3, ESIt). In
agreement with previous findings for PtNPs, Wion was
enhanced when increasing both Qg and Q;. Consequently, ionic
Pt signal suppression noticed under some conditions (e.g,
4 mm SD) was mostly related to a decrease on plasma
atomization/ionization capabilities (Fig. 2).

As it has been previously noticed for PtNPs, changes on
Wionic With experimental conditions are different to those
previously observed for S, thus providing different informa-
tion about aerosol transport phenomena.** In general, it was
observed that both Wyp and Wi responded similarly to
changes on Q, and Q,. Nevertheless, signal spectra provided by
PtNPs and ionic Pt show significant differences. When oper-
ating the PtNPs suspension, the number of pulses mostly
depends on Wyp and to a lesser extent on instrument operating
conditions (Fig. 1a—c). Signal intensity for PtNPs, however, only
relies on the latter factor (Fig. 1d-f), and it is independent of
aerosol transport. Alternatively, the ionic Pt signal simulta-
neously depend on both aerosol transport (Sior and Wjgpnic) and

This journal is © The Royal Society of Chemistry 2023
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12 mm (C); R.f. power: 1550 W; ionic Pt concentration: 10 ng mL ™.

operating conditions (Fig. 3).>*>***> This successfully explains
why signal data for PtNPs and ionic Pt in ICP-MS look similar,
but they are not totally equivalent.

3.3. Considerations about aerosol transport in spICP-MS

As it has been mentioned previously, in the absence of certified
standards of known size and concentration, the appropriate
characterization of a given NMs suspension relies on estimating
NMs transport efficiency.*>**>*¢ To this end, different strategies
have been proposed based on measuring: (i) the number of
events;> (ii) the ionic and NMs pulse intensity ratio;** and (iii)
solvent transport efficiency.>**?** Though these strategies have
been indistinctively employed in the literature for NMs char-
acterization,** only the first one is really based on NMs
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transport through the sample introduction system. The
remaining approaches provide an indirect estimate of NMs
transport efficiency since they are based on ions and solvent
transport rate. Consequently, these strategies cannot provide
equivalent results to those obtained using the number of events
unless NMs, ions and solvent do behave similarly through the
sample introduction system and in the plasma. To gain insight
into how these species behave through the sample introduction
system, transport efficiency has been calculated for each of
them from data gathered in Table 2. It must be considered that
no direct comparison is feasible based on transport flow rate
since the flux for each species is measured in different units.
Table 3 shows transport efficiencies for PtNPs (nyp), ionic Pt
(mionic) and solvent (ns) under different nebulization conditions
(i.e., Qg and Q). Irrespective of the species considered, transport
efficiency was mostly enhanced when increasing Q. as well as
when decreasing Q;. These results were in agreement with
previous reports in the literature®** and it could be rationalized
considering that, the higher the ratio between Q, and Q,, aero-
sols become finer, and they are more efficiently transported into
the plasma. As it is shown in Table 3, there were significant
differences on transport efficiency between all the species
investigated. In general, for most of the conditions tested, 7s
was the highest followed by 7jonic and nxp. These results are not
unexpected considering that ns encompasses liquid and vapor
solvent transport into the plasma, but the latter factor is not
relevant for ionic Pt and PtNPs.** Interestingly, it was observed
that differences on transport efficiency between the solvent and
the remaining species were reduced when operating higher Q, :
Q, ratios. While it is generally accepted that ions and NPs are
transported similarly through the sample introduction
system,*** data shown in Table 3 suggest that there are indeed
some differences between both species. In general, for most of
the conditions tested, 9jonic Was higher than nyp and differences
between both species were up to 16%. The origin of this bias is
unclear, but it should be related to aerosol generation and
transport processes (ie., NMs and ion distribution within
aerosol droplets). Aerosols generated by pneumatic nebulizers
do have a net electrical charge* and, hence, some aerosol
transport phenomena (e.g., Coulomb fission,** AIR effect,* etc.)
might affect both species differently.

From the discussion above, it is clearly demonstrated that
there are significant differences on NMs, ions and solvent
transport efficiency. This means that NMs characterization will
be critically dependent on the approach selected to assess this
parameter. Hence, the influence of each strategy (i.e., number of

Table 3 Influence of Q4 and Q on solvent, ionic Pt and PtNPs
transport efficiency

Qg (L minil) QI ('J'L minil) Ns (OA)) Nionic (0/0) UiNi2 (%)

0.7 300 4.92 +£0.05 2.99 +0.07 3.10 + 0.06

0.9 100 10.4 = 0.2 10.3 £ 0.2 8.9 £ 0.3
300 5.77 £0.03 3.89 £0.12 3.35 £+ 0.06
500 4.12 £ 0.06 2.71 +0.11 2.10 &= 0.07

1.1 300 518 £0.09 49+0.2 4.24+0.04
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events, ionic and NMs signal ratio and solvent-based method-
ologies) on both PtNPs particle size and number concentration
are covered in detail. Additionally, alternative NPs (i.e., 50 and
150 nm AuNPs) and spray chamber design (i.e., cyclonic) has
also been tested to validate major experimental findings.

3.3.1. Transport efficiency calculated from the number of
events. This strategy relies on NMs transport into the discharge
and, hence, it is apparently the most suitable for the accurate
characterization of unknown NMs suspensions provided they
are stable, and no particles are lost prior to sample nebuliza-
tion. To confirm this hypothesis, the (70 nm) PtNPs suspension
was characterized by means spICP-MS under different oper-
ating conditions using this approach. To this end, a PtNPs
suspension with a nominal concentration 1.5 x 10* mL™" was
initially employed for assessing transport efficiency. Next,
a calibration with ionic standards was performed to relate
PtNPs ionization signals with the mass of PtNPs and, consid-
ering particle density, with the volume.”® For the sake of
comparison, PtNPs were also characterized by means TEM and
NMs transport efficiency was calculated with the aid of the filter-
based methodology. Thus, it is feasible to evaluate whether NMs
characterization is potentially biased due to either aerosol or
plasma phenomena. Fig. 4 shows PtNPs particle size distribu-
tions for a Q; of 300 uL min~* under different Qg (0.7/0.9/1.1
L min~") and SD (4/8/12 mm). Similar findings were found
operating alternative Q, (i.e., 100/500 uL min~"). Irrespective of
the operating conditions, PtNPs mean diameter afforded by
spICP-MS was equivalent to than found with TEM (ie., 70 £+ 4
nm). However, it was observed that the particle size distribu-
tions afforded by the former technique were strongly dependent
on the operating conditions. Thus, when operating a Q, of 0.7
L min "' and a Q, of 300 uL min~*, both spICP-MS and TEM
particle size distribution were mostly indistinguishable,
regardless the SD selected. Interestingly, under these condi-
tions, transport efficiency by using the number of events (i.e.,
2.85-3.18%, depending on the selected SD) matches that found
using air filters (Table 3). Size distributions by means spICP-MS
were, however, severely broadened when increasing Q, (i.e., 0.9~
1.1 L min~ ') as well as when decreasing SD (i.e., 4 mm). In these
conditions, SPAN (i.e., width of particle size distributions*)
increased up to 50%. These results are not unexpected consid-
ering that plasma characteristics are deteriorated (Fig. 2), and
analyte diffusion within the plasma become more important
(i.e., ion clouds overlapping issues). In fact, when operating a Qg
of 1.1 mL min~" and a SD of 4 mm, transport efficiency esti-
mated by the number of event method (i.e., 1.57 £ 0.07%) was
severely biased (—40%) with that measured at the exit of the
spray chamber with the aid of filters (Table 3). As with PtNPs,
50 nm (Fig. S5f) and 150 nm AuNPs (Fig. S6t) were character-
ized by means spICP-MS under different operating conditions
using the number of events for transport efficiency assessment.
Overall, experimental findings were like those found for PtNPs.
Nevertheless, it was noticed that size distribution for the
150 nm were significantly broadened regarding TEM, irre-
spective of the experimental conditions tested. These results
suggest that plasma-related phenomena affect differently 50 nm
and 150 nm.*

This journal is © The Royal Society of Chemistry 2023
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From these results shown in this section, it is self-evident
that the number of events provides an accurate assessment of
NMs transport efficiency and, hence, NMs characterization.
Nevertheless, special care should be required to ensure that
a robust discharge is operated since otherwise biased results
might be obtained.

3.3.2. Transport efficiency calculated from ionic and NMs
pulse intensity. Several authors have reported that transport
efficiencies estimated from ionic and NMs pulse intensity ratios
are usually higher than those afforded by the number of
events.”?*® Different hypothesis have been considered for
explaining these differences such as the lack of suspension
stability or inappropriate dilution (high NM concentration
levels) among others.>**® Nevertheless, according to our data,
this bias could be explained considering the different behavior
shown by NMs and ions in spICP-MS. As it was already noted by
Pace et al*® when proposed this methodology, transport effi-
ciency can only be estimated from the ratio of solution sensitivity
and NPs sensitivity assuming equal transport efficiencies
between particulate and dissolved solutions. Since this latter
requirement appears to be broken under some experimental
conditions, transport efficiency estimated by means this
approach might not be equivalent to that obtained with the
number of events.*?” In fact, as it has already noted (Fig. 1 and 3;
Sections 3.1 and 3.2), ionic signal was more dependent on

This journal is © The Royal Society of Chemistry 2023

operating conditions than the signal generated by NMs ioniza-
tion. Nanomaterials transport efficiency afforded by this
approach was evaluated under different operating conditions
and results were compared with those obtained using the
number of events for assessing transport efficiency. Fig. 5 shows
the relative transport efficiency (n.), defined as the ratio
between the transport efficiency calculated for the number of
events and ionic and NMs pulse intensity for PtNPs, under
different Q, and SD values for a fixed Q; of 300 pL min . If both
strategies provide equivalent transport efficiencies, this ratio
should be close to unity. Conversely, if the ionic and NMs pulse
intensity approach provides higher transport efficiencies, this
ratio will be lower than unity. As it can be observed in this figure,
for all the conditions tested, 7, was lower than unity thus
indicating that the latter methodology overestimates PtNPs
transport efficiency regarding the value obtained from the
number of events (Fig. 5). For instance, when operating a Q, of
0.9 L min~" and a SD of 8 mm, bias on transport efficiency was
close to +15%. Interestingly, the highest differences on 7, were
observed under non-robust conditions (i.e., Qg > 0.9 L min~'; SD
<8 mm). Similar findings were noticed operating 50 and 150 nm
AuNPs (Fig. S77).

As expected, PtNPs size distribution calculated using trans-
port efficiency from ionic and pulse intensity were significantly
biased regarding those obtained with the number of events and
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TEM (Fig. S81). However, because the dampening effect of cubic
root when calculating particle size using transport efficiency,
bias on particle size distribution is less significant. Thus, under
the above-mentioned conditions (Qg of 0.9 L min~" and SD of 8
mm), bias on the PtNPs mean size diameter was just 7%. As
regards number concentration, since the use of ionic and NMs
pulse intensity ratio overestimates NMs transport and this latter
parameter is inversely proportional to transport efficiency,
results will be negatively biased with regard the use of the
number of events." In this work, depending on operating
conditions, concentration bias ranged from —95 to —15%.

In the light of above discussion, the use of ionic and NMs
pulse intensity ratio for assessing transport efficiency is far from
being an ideal methodology since it is based on several
assumptions that are only fulfilled in certain conditions.

3.3.3. Transport efficiency calculated from solvent trans-
port. Solvent-based methodologies have been proposed as an
alternative to the above-mentioned approaches since they are
traceable to the SI and does not require the use of a NMs
reference suspension.”® Nevertheless, because solvent-based
strategies do not reflect how NMs are transported into the
plasma, they are unsuitable for estimating NMs transport effi-
ciency and, hence, their use are also discouraged. To the best of
authors’ knowledge, this strategy has not been employed for
assessing transport efficiency with volatile solvents but it is
expected that transport efficiency bias will be higher to that
found in this work due to the higher solvent fraction trans-
ported in vapor phase.*

Platinum nanoparticles size distributions were calculated
under different operating conditions (Fig. S91) using this
strategy (Table 3). In this case, solvent transport efficiency is
fixed for a given set of Q, and Q. As expected, PtNPs size
distributions were biased up to +44% when operating this
strategy. Interestingly, under certain conditions (Qg 0.9 L min ™"
and SD 12 mm), this approach might afford similar results to
those obtained with TEM data and the frequency approach.
Anyway, this fact does mean NMs and solvent transport effi-
ciency are equivalent, particularly considering that bias on
particle mean diameter is partially reduced due to the
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dampening effect of the cubic root when calculating particle
size from transport efficiency. Finally, bias on number
concentration ranged from —70 to —15%.%*

3.3.4. Influence of spray chamber design on aerosol
transport phenomena. Aerosol transport phenomena strongly
depends on spray chamber characteristics®*® and, hence, it is
important to evaluate whether previous findings are related to
a specific spray chamber design. Therefore, additional experiments
were carried out coupling the Micromist nebulizer to a cyclonic
spray chamber. Overall, experimental findings for this setup were
similar to those previously found with a double pass spray
chamber. Thus, irrespective of experimental conditions, 7jonic Was
higher than nyp and also transport efficiency values calculated
from the number of events were systematically lower than those
obtained using ionic and NMs pulse signals. For instance, when
operating a Qg of 0.9 L min ™', 300 pL min ™" and a SD of 8 mm
(CeO"/Ce" ratio <2%), PtNPs transport efficiency calculated for both
approaches were, respectively, 3.7 £ 0.2 and 5.0 & 0.2. Due to these
differences, particle mean (+15%) and concentration (—35%) for
PtNPs was again biased. These results confirms than NMs and ions
transport through the sample introduction system are not equiva-
lent and the significance of selecting the appropriate strategy for
assessing transport efficiency.

4. Conclusions

An in-depth characterization of tertiary aerosols reveals that
NMs, ionic and solvent transport efficiency could differ signifi-
cantly under standard spICP-MS operating conditions. This fact
has significant practical implications since different strategies
have been proposed for assessing NMs transport efficiency
indirectly using either ionic or solvent transport. As long as
a robust plasma is operated, transport efficiency can be accu-
rately determined by measuring the number of events provided
by a NMs suspension of known concentration. The use of ionic
and NMs pulse intensity to estimate transport efficiency assumes
that NMs and ions behave similarly through the sample intro-
duction system and within the plasma, but these requirements
are not always fulfilled. Therefore, special care is required if this
strategy is used considering that transport efficiency assessment
is strongly affected by plasma operating conditions. Finally,
strategies based on measuring solvent transport efficiency as
a proxy of NMs transport efficiency are not correct on the
conceptual level and, hence, they should not be used.

It is the author's view that current knowledge about the role
of aerosol transport phenomena in spICP-MS is still very limited
thus negatively affecting technique metrology. So, further
research efforts are clearly required in this area, particularly
about how NMs coatings and matrix concomitants affect
transport efficiency. In order to gain insight into aerosol
transport phenomena, it is critical that future works explore this
topic holistically since current focus have been exclusively
centered in the plasma, being difficult to distinguish whether
experimental findings are related to aerosol — and/or plasma -
phenomena. On the other hand, because some relevant exper-
imental details are not usually provided (e.g., sampling depth,
torch i.d., sample introduction system setup, plasma

This journal is © The Royal Society of Chemistry 2023
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robustness, etc.), it is quite challenging to compare results
between different authors and, above all, replicate them.
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