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Transport efficiency has become a critical parameter in single particle inductively coupled plasma mass spec-
trometry (SP-ICP-MS) since it is involved in the calibrations to determine different measurands (element mass per
particle, particle size and particle number concentration). Specific methods for its determination based on the use
of particle standards have been developed and widely applied (particle frequency and particle size methods). A
refined indirect method not relying on particle standards is also available (dynamic mass flow method). A
number of discrepancies on the accuracy of these methods and their adequacy have become evident, making a
revision of the topic pertinent. In fact, the application of the particle frequency and particle size methods
determine the transport efficiencies corresponding to the particles or the dissolved element respectively, whereas
the solvent transport efficiency is actually measured by the dynamic mass flow method. The use of each of these
methods requires assuming different conditions that must be considered. These conditions, together with the
sources of bias associated to each method are critically discussed to provide a holistic and harmonized view of
transport efficiency in the context of SP-ICP-MS metrology.

1. Introduction

Forty years ago, Browner and Boorn wondered in their seminal paper
whether sample introduction was the Achilles' Heel of atomic spec-
troscopy [1]. To date, the efficiency of sample introduction in single
particle inductively coupled plasma mass spectrometry (SP-ICP-MS) still
remains a controversial topic.

Degueldre and Favarger mentioned in their first paper on SP-ICP-MS
the nebulisation yield (31, of diluted suspensions that were sprayed and
transported in an argon flow into the plasma torch [2], although their
subsequent publications did not include any further estimation or
application of this parameter. It was Pace et al. [3] who developed
specific procedures for determining the transport efficiency with the
purpose of counting and sizing nanoparticles by SP-ICP-MS. They
developed the so-called particle frequency and particle size methods for
determining transport efficiency (17,), methods that are extensively used
in this field. More recently, Cuello-Nunez et al. [4] developed the dy-
namic mass flow method for determining transport efficiency (1), based
on the measurement of mass flows, with the aim of determining number
concentrations.

The objectives of this article are to review critically the role of
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transport efficiency in SP-ICP-MS as well as the available methods for its
determination, a comparison between them, trying to give a holistic and
harmonized view of their implications in the SP-ICP-MS metrology and
paying special attention to their current limitations.

2. Harmonization of terminology

Both expressions transport [5-7] and nebulization [8,9] efficiency can
be found in SP-ICP-MS and atomic spectrometry literature. Despite the
term selected, what is relevant is the entity whose efficiency is
measured. From the point of view of analytical performance, analyte
transport efficiency is the relevant parameter, although the term aerosol
transport efficiency has also been used with the same meaning [5,10], but
also referring to the volume of solvent or sample nebulized [11-14]. In
this regard, IUPAC publications refer to nebulization efficiency [15],
being related to the amount of analyte and not to the amount of sample
or solvent. Hence, in the context of ICP-MS, (analyte) transport effi-
ciency would be defined as the ratio of the mass of analyte entering the
plasma to the mass of analyte aspirated, typically expressed as a per-
centage [1,5].

Although the use of the terms “transport” or “nebulization” might
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not be particularly critical, excluding the object of the transport/nebu-
lization (analyte, solvent) might be. However, whereas in atomic spec-
trometry the analyte is clearly identified as the element being
determined, in SP-ICP-MS two types of analytes can be considered:
particles and dissolved species related to specific elements under study.
Therefore, the use of the expression “analyte transport efficiency”,
although used in SP-ICP-MS, would not be recommended in this context
and will not be used in this article in relation to SP-ICP-MS.

With respect to the symbols, €, has been used in atomic spectrometry
publications from early times and it is the symbol recommended by
IUPAC for the nebulization efficiency [15]. However, n with different
subscripts can be found in SP-ICP-MS publications when referring to
nebulization/transport efficiency [3,4,12,16]. Here, the symbol n will be
used along the text.

Although a revision of the terms and symbols used in the publications
on the topic is out of the scope of this article, readers should be aware of
this terminology and symbology when consulting the bibliography.

3. Calibration in SP-ICP-MS

In quantitative atomic spectrometry, mass concentration is the usual
measurand and calibration overcomes analyte transport efficiency issues
by the use of standards measured under the same conditions as the
samples. In SP-ICP-MS, and focusing on particles, the primary measur-
ands are the number concentration of particles and the mass of element
per particle. In addition, when information about the shape, composi-
tion and density of the particles is available, the size of the particles can
also be estimated from the mass of element determined (e.g., the
diameter for spherical particles).

The different SP-ICP-MS measurands involve the corresponding
calibrations, which require suitable standards in order to report the
corresponding results. In the case of number concentration, direct cali-
bration requires the use of one or more number concentration standards
to obtain the coefficient Ky of the calibration function:

Yy = Ky XV (€9)

where Yy is the number of particle events counted during an acquisition
time () and X" the number concentration of particles.

In the case of size, the most straightforward approach is based on the
use of one or more particle reference materials with known shape and
size and same composition as the targeted particle to obtain directly the
coefficient K  of the calibration function:

Sp=K; d® 2

where Sp is the net intensity of the particle events (Sp = Y (Yp; — Y3),
Yp; is the gross intensity of the individual readings along a particle event
and Y3 is the mean intensity of the baseline) and d is the diameter for
spherical particles. Since monodisperse particles always show a more or
less broad distribution, averaged intensities and diameters are used.

Eq. 2 arises from considering the relationship between the net in-
tensity of each particle event and the number of atoms of the element
monitored in each particle detected, and hence to the mass of element
per particle (mp):

Sp =K, mp 3

where K, is the slope obtained from a mass per particle calibration (net
particle event intensity vs. element mass per particle).

Regarding number concentration standards, there is only one quality
control material currently available reporting nanoparticle number
concentrations (LGCQC5050), consisting of gold nanoparticles of 30 nm
diameter in citrate medium. Hence, commercial suspensions of known
element mass concentration and mean size are often used as an alter-
native. In principle, the composition, size and shape of the particles used
for number concentration calibration would not be relevant, if they
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behave in the nebulization system as the particles from the sample;
hence, the same number concentration calibration could be used for
different types of particles in such case.

With respect to particle size standards, the number of certified
reference materials is limited, although particle standards covering
different sizes, compositions and shapes are commercially available
from different companies. When these particles are non-porous solids,
they are also used as element mass per particle standards by considering
the density of the bulk material. However, very often size standards of
specific compositions are not available or multicomponent particles
with complex compositions are measured. In such cases, instead of
calibrating directly by using particle size standards it can be performed
from calibrations with dissolved element standards.

4. Basis of size calibration from dissolved standards in SP-ICP-
MS

Mass concentration calibration in standard-mode ICP-MS involves
the continuous introduction through the nebulization system and the
measurement of a number of dissolved standards in the same conditions
as the analyzed samples. Although this is also the approach most
commonly applied in SP-ICP-MS (Fig. 1.a), an alternative on-line
microdroplet calibration approach has been proposed recently [17,18]
(Fig. 1.b). This approach is based on the introduction of discrete
amounts of elements in individual monodisperse microdroplets of dis-
solved mass concentration standards and known volume. The micro-
droplets are desolvated along a falling tube prior to mixing with the
aerosol of the sample, which is delivered by a conventional nebulization
system upstream of the plasma torch. Since the microdroplets can be
introduced into the plasma simultaneously with the sample, any inter-
ference produced by the sample matrix would also affect the standards,
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Fig. 1. Introduction modes of standards in SP-ICP-MS: (a) continuous direct
nebulization, (b) on-line microdroplet. Adapted from [21] with permission
from ACS.
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compensating their effect [19,20].

In standard-mode ICP-MS, when a solution of an element M of mass
concentration XM is nebulized into the instrument (Fig. 1.a), the rela-
tionship between the signal Yz (ions counted per time unit) and the mass
concentration can be expressed as [16]:

Yr = Kz XM= Kintro KICPM.S‘KMXM @

where Ky is the analytical sensitivity obtained from a standard-mode
calibration (signal intensity in cps vs. element mass concentration),
Kinro (=11 Qsam) is a factor related to the sample introduction, where 5 is
the transport efficiency and Qs the sample introduction flow rate,
Kicpms is the detection efficiency, which represents the ratio of the
number of ions detected versus the number of atoms of the measured
isotope introduced into the ICP; and Ky (= ANa,/My) is a factor related
to the element measured, where A is the atomic abundance of the
isotope considered, Ny, the Avogadro number, and My the atomic mass
of the element.

On the other hand, for solid, homogeneous and spherical particles,
egs. 2 and 3 can be expanded respectively as [16]:

1
Sp = 6 ﬂf)FPKICPMSKMd3 5)

where p is the density and Fp the mass fraction of the element in the
particle, and

Sp = KicpusKump (6)

The slopes of both equations are independent of the nebulization
process, since only those particles reaching the plasma are measured,
and only depends on the element and the nature of the particles. On the
other hand, both equations require knowing the detection efficiency of
the element measured.

When working in continuous direct nebulization mode, the detection
efficiency can be obtained from a calibration with dissolved standards
and eq. 4 if n and Qsgm are known:

Kr My
KICPMS - 7] Q_mm A NAV (7)

In their paper, Pace et al. [3] determined the mass of element per
particle from a transformed calibration with dissolved standards, where
the x-axis, corresponding to the element mass concentration, is trans-
formed to element mass per event (W) through:

W =11 Quum Lawen X¥ ®

where W corresponds to the mass of dissolved element introduced into
the plasma during a time tg,.;. The net intensity Sp of a particle event
would be interpolated in the transformed calibration to obtain the
element mass in the particle, and from it the diameter for a spherical,
solid and homogeneous particle:

- 6 mp 13
dﬁ(”!”%) ©

Both approaches are equivalent, and both rely on the fact that the
element both in dissolved and particulate forms behaves in the ICP-MS
in the same way. That is, the efficiency of the processes occurring in
the plasma (desolvation of the nebulized droplets, volatilization of the
resulting/present particles, their atomization and ionization of the
resulting atoms), the interface, the spectrometer and the detector are the
same. All these processes are included in Kjcpys, whereas Pace et al.
summarized them as a “particle ionization efficiency” to be estimated
from the ratio between the element mass concentration determined by
conventional ICP-MS directly from the particles and after dissolution
under the same experimental conditions applied in SP-ICP-MS.

In microdroplet calibration, K;;, (and hence Kjcpys) is estimated from
the net particle event intensity and the mass of element in the droplets
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(eq. 3), where the latter is calculated from the mass concentration of the
dissolved standard and the volume of the droplets, whose size is
measured with a camera assuming the droplets are spherical.

In summary, when dissolved standards are introduced through the
nebulization system, the transport efficiency and the sample flow rate
must be known. Whereas the sample flow rate is easily measured
gravimetrically, by weighting the amount of solvent introduced through
the nebulization system during a fixed time interval, the determination
of the transport efficiency is not so straightforward. This is not the case
when the dissolved standards are introduced as microdroplets, since
they behave as a proxy for particle standards.

5. Determination of transport efficiency

Analyte transport efficiency has been measured from the early times
of atomic spectrometry to study the performance of the nebulization
systems used for sample introduction [10]. Traditionally, methods used
to determine analyte transport efficiency have been based on the
collection of the nebulized aerosol itself or the liquid going to waste,
followed by the determination of the content of the element in the
collected liquid, being classified as direct and indirect methods, respec-
tively. With the emergence of SP-ICP-MS, Pace et al. [3] proposed two
new methods for determination of transport efficiency based on the use
of nanoparticle standards, referred to as particle frequency and particle
size methods. The first one requires the use of nanoparticle standards of
known number concentration, whereas the second is based on the use of
particle size and dissolved element standards.

The particle frequency method is in fact a one-point number con-
centration calibration, since eq. 1 can be expressed as:

Yy = KNXN = KimmtiXN =n Q:amtiXN (10)

and 7 can be determined once the slope of the calibration and the sample
flow rate are known.

The particle size method is based on the use of eq. 3 and 4, and the
ratio of their slopes:
Kr

Kiln = Kinro = 1 Qsam an

where Ky is obtained from the slope of the calibration with dissolved
standards of the element selected (e.g., Au3+), and K, from the cali-
bration with size standards of nanoparticles including the same element
in their composition (e.g., Au nanoparticles). With microdroplet cali-
bration, transport efficiency is only required for determination of
number concentrations, but it has been proposed its determination by
using the particle size method. In this case, the estimation of K, and Kg
are performed by measuring a dissolved standard (typically caesium)
introduced as droplets through the microdroplet dispenser and contin-
uously through the nebulization system, respectively. Mehrabi et al.
[17,18] determined this transport efficiency as the ratio of the so-called
plasma uptake rate (volume of sample reaching the plasma per time
unit) and the sample flow rate, since the plasma uptake rate is in fact
Kinro described above.

The dynamic mass flow method is based on the continuous mea-
surement of the sample mass flow reaching the plasma and the mass flow
of the sample uptake by the ICP-MS nebulization system [4]. The ratio of
the sample mass flow reaching the plasma to the mass flow of the sample
uptake is equal to the transport efficiency of the sample, that it is of the
solvent. Since this method does not involve the direct measurement of
the aerosol reaching the plasma, it should be classified as an indirect
method, but its application in SP-ICP-MS implies that this transport ef-
ficiency determined for the solvent is equal to that of the particles. This
condition was achieved by using a nebulization system thermostatized
at low temperature (2°C), that minimized the vaporization of water from
the aerosol droplets during nebulization. Under such conditions the
transport efficiency was in agreement with the one determined by the
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frequency method using Au nanoparticles (NIST RM 8013) in citrate
medium. Unlike the frequency or the size method, the DMF method does
not require any reference material and weighing operations are trace-
able to the SI through the use of calibrated weights traceable to national
primary standards of mass [4]. Table 1 summarizes the different stan-
dards (apart from calibrated weights) required for implementing the
different methods for determination of transport efficiency described
above.

6. The paradigm of transport efficiency in SP-ICP-MS

From the work by Pace et al. [3], the determination of the transport
efficiency has been considered a metrological cornerstone in SP-ICP-MS.
It allows the determination of the element mass content (and particle
size under the conditions discussed above), even if the corresponding
particle standards are not available, by the use of dissolved standards. In
a similar way, particle number concentrations can be determined from
eq. 10 by using the transport efficiency, although this should be
considered a redundant action, since the particle frequency method is in
fact a number concentration calibration itself. Besides, the use of
nebulization systems with 100% transport efficiency [22,23] would
circumvent this determination. Such efficiencies can be achieved by
using direct injection devices or specially designed spray chambers
working at flow rates in the few pL min~! range. However, although the
feasibility of these systems has been reported, they are not routinely
used. Alternatively, knowing the transport efficiency is neither required
to obtain size/element mass per particle information when using on line
microdroplet calibration.

Table 1 summarized the conditions that are assumed to be met by the
different methods to provide accurate transport efficiencies. Issues
related to the effect of the sample matrix have not been considered, since
they could be circumvented by using matrix-matched standards [24,25],
standard addition calibration [26] or internal standardization [27],
apart from the use of the on line microdroplet calibration approach
describe above [19,20].

The dynamic mass flow approach is a method for determination of
the solvent transport efficiency and hence, it is the method with more
critical requirements for applying this efficiency to the particles. As it
has been stated above, vaporization of the solvent must be avoided.

When applying the particle frequency method, transport efficiency is
considered independent of the characteristics of the particles used based
on considering that particles within a range of sizes with different
compositions and densities, nebulize in a specific nebulization system in

Table 1
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the same way. Although this issue has not been investigated in depth,
Geiss et al. [28] obtained similar transport efficiencies when using gold
and silver nanoparticle standards. Moreover, results obtained using
transport efficiencies determined by the particle size method do not
suggest different behaviours in the nanometre range, and gold nano-
particle standards are typically used for this purpose [28]. On the con-
trary, different behaviours have been reported for particles over ca. 100
nm depending on their nature. Bucher and Auger [29] obtained similar
efficiencies for SiOy particles up to 500 nm, in agreement with those
obtained with 60 nm Au nanoparticles, whereas the efficiency was lower
for 1000 pm particles. In a similar way, Laborda et al. [30] obtained
similar transport efficiencies for 50 nm Au and polystyrene standards of
sizes up to 2 pm, but not for 5 pm.

In the case of the particle size method, the fact of using particle size
and dissolved element standards would require that the element behaves
in the plasma in the same way, regardless of the form in which it is
introduced (same Kjcpys). In general, this behaviour is assumed for
nanoparticles (<100 nm) of most metals and metal oxides, although it is
not always the case, as it has been demonstrated for refractory oxides
like cerium oxide [27,31,32]. Another condition that has been consid-
ered fulfilled is that nanoparticles and dissolved element are nebulized
with the same efficiency. However, Torregrosa et al. [33] have recently
studied transport efficiencies of nanoparticles and dissolved elements by
using a conventional direct method, based on the collection of the
aerosol in a quartz filter followed by the quantitative release of the
nanoparticles with diluted ammonia and the dissolved element with
diluted nitric acid [34]. They observed higher transport efficiencies for
the dissolved element compared to those for nanoparticles, which
questions the approach proposed by Pace et al. [3]. These results suggest
that aerosol ion redistribution (AIR) [5] could play a relevant role on the
enrichment of the aerosol on dissolved species in comparison to the
particles, although this issue should be studied in more detail.

Therefore, as long as nebulization of nanoparticles differs from that
of dissolved species, the application of the particle size method could be
considered no longer valid. However, it should be noted that the
transport efficiency calculated by the particle size method is not actually
the particle transport efficiency, but that of the dissolved element, since
the ratio involved in the calculation (eq. 11) requires that all the pro-
cesses involved once a particle reaches the plasma would be eventually
the same that the ones from the dissolved element, so differences are just
due to the transport of the dissolved element (the transport efficiency for
a particle that reaches the plasma is 100%). Moreover, it is the transport
efficiency of the dissolved element the one required to transform the

Methods for determination of transport efficiency in SP-ICP-MS: Standards required, conditions and sources of bias.

Method Standards™ Conditions

Sources of bias

e Particle number
concentration

Particle frequency

Particle size (continuous o Particle size

e Same behaviour in the nebulization system of the
particles in the standard and the sample

e Same behaviour in the plasma of dissolved and +)

(=) Losses of particles in containers, nebulization system, tubing...

(-) High concentration of standards (occurrence of 2-particle
events)

(-=) Lower part of the size distribution of the standard below the
size critical value

(+) Counting of baseline readings as particle events (false positives)
(+/-) Calculation of number concentrations from density, size and
element mass concentration of a size particle standard

Particle density lower than bulk material (porosity)

nebulization) e Dissolved element particulate element
e Same transport efficiency of dissolved and (+/-) Asymmetrical particle size distribution
particulate element, regardless of the element (=) Use of too large particle standards (incomplete atomization)

Particle size (on line e Dissolved element (Same as above)
microdroplet)
Dynamic mass flow o None

(cooled spray chamber at 2°C)

o No vaporization of the solvent during nebulization ~ (+)

(Same as above)

Nebulization at room temperature

eSame transport efficiency of solvent and particles

" Apart from calibrated weights.
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dissolved element mass concentration calibration into the correspond-
ing mass per event calibration through eq. 8, as proposed by Pace et al.
[3], or alternatively calculate Kjcpys from the slope of a dissolved
element mass concentration calibration (Kg) by using eq. 7. In both
cases, the use of dissolved standards, which are nebulized with a specific
efficiency, is required to convert the signal produced by individual
particles into the mass of element in such particles. Thus, the particle
size method is in fact a method for the determination of the transport
efficiency of dissolved elements (through the use of suspension of par-
ticles with known size), whereas the particle frequency method is a
method for the determination of the transport efficiency of particles,
despite the limitations and constraints discussed above.

Whereas the particle transport efficiency, determined by the particle
frequency method using a generic particle standard (e.g., Au nano-
particles) can be used for determination of the number concentration of
a suspension containing unknown particles through eq. 10, the deter-
mination of the mass content of a specific element through eq. 6 requires
knowing Kjcpys when using the conventional continuous nebulization.
Estimation of Kjcpys from eq. 7 involves Kz, that can be known from a
calibration with dissolved standards, and their transport efficiency,
which must be assumed that is the same as for a generic dissolved
standard (e.g., Au®") which should be used for determination of the
transport efficiency by the particle size method.

7. Limitations of the methods for determination of transport
efficiency

Although Pace et al. [3] reported similar values for the transport
efficiency measured using either the frequency or the size method, other
authors have observed relevant differences [12,35]. Liu et al. [35] ob-
tained lower transport efficiencies by using the frequency method and
citrate stabilized 60-nm gold nanoparticles (RM 8013, NIST), whereas
similar efficiencies were obtained by both methods when using PVP
stabilized silver nanoparticles (RM 8017, NIST), in agreement with the
value obtained by the size method with RM 8013. On the contrary,
Geertsen et al. [36] reported similar transport efficiencies by using both
methods for gold nanoparticles stabilized with chitosan in the range of
30-150 nm. An interlaboratory study [28], involving seven expert lab-
oratories using a variety of Au nanoparticle standards, concluded that,
comparing absolute differences between these two methods, when
transport efficiency values deviated, those obtained by the frequency
method were lower than using the size method. However, when the
upper and lower uncertainty limits were considered, there were no
significant differences between both methods in most of the laboratories
involved in the study.

The lower transport efficiency measured by using the frequency
method could be explained by the loss of particles on the walls of con-
tainers and/or the sample introduction system, which can occur in the
diluted suspensions used for the measurements, but also in the stock
suspension during storage. Although the nature of the surface coating
might play a role on the stabilization and losses of the particles, no
definitive conclusions can be drawn from the available studies [28,36].

Regarding the number concentration of the standards, the use of high
concentrations may result in too high fluxes of nanoparticles in the
plasma, increasing the detection of particle events corresponding to
more than one particle and hence underestimating the counting of
particles events. In fact, optimal number concentrations should be
selected to minimize this source of bias without compromising precision
due to counting statistics [37], since using too diluted suspensions
would involve counting less particle events, and hence reducing the
precision of the measurements, unless the analysis time is increased.

Despite the transport efficiency does not depends on the size of the
particles in the nanometres range, the use of standards prepared from
too small nanoparticles can lead to the partial detection of the particle
distribution and the underestimation of the actual number concentra-
tion, as it happened in some laboratories with the 30 nm Au standard in
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the interlaboratory study described in [28], due to the size critical values
achievable with some of the instruments used. A similar effect could be
produced if the threshold criterion applied for the discrimination of
particle events from the baseline was too high. Alternatively, if the
threshold criterion is too low, the number of particles can be over-
estimated due to the counting of false positives from the baseline [16].

Since only one number concentration particle standard is currently
available, size standards of spherical and solid nanoparticles from pure
metals are frequently used, being the number concentration calculated
by the following equation:

Ny 6x107

Y 12)
where the density of the particles (p) is expressed in g em ™3, the particle
diameter (d) in nm and XM in g L~L. Calculation of X" from eq. 12 re-
quires to know accurately both the diameter and the element mass
concentration. Since mean diameters are used in such calculations,
polydisperse suspensions must be avoided as size standards to minimize
bias between the calculated and actual number concentrations [38].
Moreover, the suspension should not contain dissolved forms of the
element, whose content should be determined separately and subtracted
from the total content. Due to these constrains, both size and element
mass concentration of standards use to be verified by in-house mea-
surements, especially when using non-reference materials [14,28,38]. In
any case, reported expanded uncertainties for number concentrations
calculated from size particle standards were in the range of 6-27% [14],
in the same range than the available number concentration particle
standard (19%) [39]. Finally, the density of the particles must be the
same as the bulk metal, which is not the case for porous particles, like
the platinum nanoparticles tested in [28].

Systematic errors associated to the particle size method are related to
the estimation of the mean element mass of the particle size standard
used if the density of the particles is lower that the bulk metal, due to the
porosity of the particles, as it has been commented above for platinum
nanoparticles. Another source of bias can arise from the estimation of
the mean intensity of the particle events (Sp), required for calculation of
K, from eq. 5. Sp can be estimated from individual particle events
recorded for the standard, but also from the corresponding signal dis-
tribution, that can be fitted to Gaussian or lognormal distributions. Since
the approach followed will depend on the software/instrument used, the
potential bias is not easily predictable. Although harmonization of these
procedures would be desirable, given its impact on the transport effi-
ciency estimation, there is not a common agreement, and most users
follow procedures according to the proprietary software of the ICP-MS
manufacturers for data processing. A deeper discussion about this
topic can be found in [40]. In any case, the use of monodisperse standard
with narrow and Gaussian size distribution minimizes this error [28].
Finally, the use of too large particle standards can lead to the underes-
timation of K, because the particles are not fully volatilized and
atomized in the plasma, as it has been the case for Au particles of 250 nm
[41] or for SiO; particles over 1.8 pm [6]. This underestimation of K,
can also be due to the limited dynamic range of pulse counting detectors
[41], which may be extended by reducing the sensitivity (e.g., use of less
abundant isotopes [29,30] or defocusing the ion beam [42]).

In the case of the dynamic mass flow method, the main source of bias
is related to the nebulization systems used, since cooled spray chambers
are required to avoid solvent vaporization when using aqueous sus-
pensions [4,28]. However, overestimated transport efficiencies have
been reported using organic solvents despite controlling the nebuliza-
tion temperature [43]. Other sources of bias have been considered by
Murphy et al. [14] related to aerosol ion redistribution [5], although
they should not be relevant since dissolved species are involved in
aerosol ion redistribution and the dynamic mass flow method is only
applied in relation to transport of particles.

Regarding the uncertainty associated to the different methods,
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Murphy et al. [12] estimated the relative expanded uncertainties for the
determination of the transport efficiency by the particle frequency and
the particle size methods as 11.5 and 7.9%. Considering the same
reference material (RM 8013), Cuello et al. [4] estimated a relative
expanded uncertainty for the dynamic mass flow method of 11.4%. In a
more recent publication using three different nebulization systems,
Murphy et al. [14] reported representative uncertainty values in the
range of 4-11 and 5-8% for the particle frequency and the particle size
methods, respectively, as well as 3-5% for the dynamic mass flow
method, although an anomalous value of 38% was also reported under
the same conditions.

8. Conclusions

After more than ten years of steady development of SP-ICP-MS, it is
time to harmonize a number of issues in relation to the technique, and
transport efficiency is one of them. Pace et al. [3] made a great work by
developing two novel methods for the determination of transport effi-
ciencies, as they allowed SP-ICP-MS to be applied to unknown particles,
even if no standards of those particles were available. However, the
extensive use of these methods, together with a comprehensive inter-
laboratory comparison study and some additional studies on the topic
published recently, makes necessary to revise and reconsider a widely
accepted paradigm.

First of all, transport efficiencies involved in SP-ICP-MS are directly
related to the method applied for their determination. Hence, by using
the particle frequency method, the particle transport efficiency is deter-
mined, whereas the dissolved element transport efficiency is determined by
the particle size method. Regarding the dynamic mass flow method, it
allows to determine the solvent transport efficiency, which under specific
conditions (cooled and equilibrated nebulization system) can be
equivalent to the particle transport efficiency, at least in aqueous
suspensions.

Both direct and indirect methods for determination of transport ef-
ficiencies developed in the early times of atomic spectrometry were
oriented to fundamental studies and their complexity prevents their
routine use as part of a typical SP-ICP-MS workflow, where the deter-
mination of transport efficiency is linked to the different calibrations
involved in SP-ICP-MS analysis. In this context, the dynamic mass flow
method also shares practical limitations that restrict its use, as evidenced
by its reduced application [4,43,44].

Although no statistically significant differences have been demon-
strated between the particle frequency and the particle size methods,
there is a general consensus about the robustness of the latter
[12,28,35,36], mainly because it is not affected by particle losses, being
more frequently used in most publications. In any case, the recom-
mendation of applying the particle size method when the objective of
the measurements is the determination of the particle size or the element
mass per particle, whereas applying the particle frequency method for
the determination of particle number concentrations, is a fair option to
minimize bias in SP-ICP-MS analysis [28]. However, this approach does
not compensate either the different level of losses in standards and
samples or the different behaviour of dissolved and particulate forms,
but it may be considered the least bad option especially in the most
complex cases. From a practical point of view, the main use of the dy-
namic mass flow method can be the assignment of a SI traceable number
concentration value to commercial nanomaterials to be used as quality
control materials in SP-ICP-MS [45]. Regarding uncertainty, all three
methods show similar values under optimal conditions, being the un-
certainty associated to the use of a reference material the main contri-
bution in both frequency and size methods.

Since reference materials for different types of particles are not ex-
pected to be available in the short term, aqueous suspensions of inert
particles (e.g., Au), detectable in most instruments (40-60 nm), with
narrow, gaussian and monodisperse distributions, stabilized with some
organic coating (e.g., pegylated) and accurately characterized with
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respect to size, number and mass concentration would be good candi-
dates as standards for generic SP-ICP-MS analysis.
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