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Abstract

We have identified incomplete particle vaporization and non-linear detector response
as the major factors that cause non-linearity of SP-ICP-MS measurements at high
particle mass. The contribution of incomplete vaporization to the deviation from
linearity of the ICP-MS intensity is estimated using a mathematical model of particle
vaporization. The non-linear detector response in the pulse-counting mode is due to
overlapping of the analyte ions at the detector within the 40-ns dead time of the
electron multiplier. The overlap can be severe because of the relatively short pulse
duration of 300 ps of the ion plumes of the discrete sample particles. The non-linear

detector response has been modeled using Poisson statistics.

We have also examined the applicability of calibration methods based on standard
particles, discrete standard solution droplets, and continuous nebulization of
standard solution. The standard-solution calibration method requires linear
calibration curves. The method may also suffer from errors due to difference in
sensitivity of the standard solution and sample particles. Calibration using standard

particles and discrete standard solution droplets do not have the limitations.
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1. Introduction

Single-particle inductively coupled plasma-mass spectrometry (SP-ICP-MS) is
recognized as a convenient method for the determination of the elemental contents
of nanoparticles [1-21]. Calibration of SP-ICP-MS intensity is straightforward,
provided that a set of standard particles of suitable particle diameter is available.
Degueldre et al. reported SP-ICP-MS calibration curves of Au nanoparticles [5]. The
calibration curves were linear over the range of particle diameter of 80 — 200 nm.
The curves rolled off at particle diameter of 250 nm. The SP-ICP-MS spike intensity
in the linear range is directly proportional to the cube of the diameter of the particles.
The linear dynamic range varies with the type of the sample particles. For particles

of low density such as SiO,, the linear range is 400 — 1800 nm [22, 23].

Calibration of SP-ICP-MS using standard particles, however, is limited by the
availability of monodisperse standard particles that match the sample particles in
thermal properties and particle diameter [24]. The standard particles must also be
insoluble in water for successful calibration. Few monodisperse standard particles
have been reported in the literatures. The reported standard particles include gold
nanoparticles [5, 13, 25], silver nanoparticles [16, 19], and silicon dioxide particles
[22, 23, 26]. A suitable set of standard particles is not always available. One-point
calibration using polydisperse MgO particles of diameter of 100 nm have been used
in the determination of the Mg contents of single-cell green algae [7] and bacteria

[27].

Monodisperse droplets of standard solution have also been used successfully for

SP-ICP-MS calibration [13, 22, 28-32]. Monodisperse droplets of wide range of dried
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analyte mass are readily prepared from standard solution of different concentration.
The dried residues of the droplets are excellent surrogate of the standard particles.
Garcia et al. [22] determined the mass of gold nanoparticles using single droplets of
gold nanoparticle in gold standard solution for calibration. The relative error was
<2%. Gschwind et al. [13] studied the effectiveness of external calibration and
internal calibration of Au, Ag and CeO; nanoparticles. In external calibration, droplets
of standard solution and sample particles are introduced into the ICP independently.
Difference in the matrix between the sample particles and the standard solutions
results in calibration errors. Standard solution and the sample particle are contained in
the same droplets in internal calibration. The matrix effects were reduced and the

error in particle diameter was < 5%.

Calibration using continuous flow of aerosols of standard solutions is an alternative
method for SP-ICP-MS [6, 10, 11, 20, 33-37]. The method has additional advantages
over calibration with monodisperse droplets of standard solution in that a dedicated
droplet generator is not required. The aerosols are generated using standard nebulizers
for ICP-MS, such as concentric nebulizer [10, 11] and Micromist nebulizer [33-36].
The calibration method requires accurately known nebulization and transport
efficiency which can be determined from the rate of the ICP-MS intensity spikes and
the number density of a standard-particle suspension [7, 38]. The calibration curve of
ICP-MS intensity versus concentration is converted into ICP-MS intensity versus
mass flux of the analyte using the nebulization and transport efficiency. The principles
of solution calibration are that (1) the ICP-MS intensity of a particle is directly
proportional to the analyte contents of the particle and (2) the mass flux of the
standard solution and the discrete sample particles can be compared directly. The first

assumption requires linear calibration curve of the sample particles. However, the
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linear dynamic range of the calibration curves of standard particles is 1 to 2 orders of
magnitude in particle diameter [5, 9, 13, 16, 19, 22, 23, 25, 28-30, 39] and
approximately 3 orders of magnitude in mass only. For example, the linear range of
particle diameter of gold nanoparticle is 20 — 200 nm [5, 39]. The calibration curve
rolls off at high mass [5, 8, 16, 19, 22, 23, 28]. The applicable particle-mass range of
solution calibration is relatively limited. In contrast, calibration using standard
particles or solution droplets in the nonlinear range is possible. Standard particles of
similar analyte mass as the sample particles will have the same relationship of
ICP-MS intensity versus analyte quantity. Calibration using discrete standard droplets
or particles, therefore, can be extended to the non-linear range of the calibration

curve.

The second assumption of standard-solution calibration requires that the rates of
particle vaporization and diffusion in the ICP are the same for the sample particles
and the standard solution aerosols. However, the dried residues of the
standard-solution aerosols are relatively small and the number of aerosols in the ICP
is large. The rates of particle vaporization and analyte diffusion of the
standard-solution aerosols are likely different from the sample particles. The errors by
solution calibration are indeed relatively large [6, 11, 18, 20, 33]. The diameter of the
100-nm silver nanoparticles was underestimated by 20% [20]. Since the mass of a
particle is directly proportional to the cube of its diameter, the particle mass is
underestimated by 50% or more. We have similar observation of calibration error of
-74% in the determination of the Mg contents of single-cell algae using
standard-solution calibration [18]. The large error is likely due to fast diffusion loss of
the low-mass Mg atoms from the ion plumes of the algal cells. Using polydisperse

MgO particles for calibration, the error was reduced to 6%. The standard particles
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probably have similar Mg diffusion loss as the biological cells in the ICP and are,

therefore, better calibration standard than the standard solution.

An additional precaution of standard-solution calibration for SP-ICP-MS is that the
instantaneous count rate of the sample plume can be very large and exceed the linear
range of digital pulse-counting mode of the ICP-MS detector. Deviation of the
measured ICP-MS intensity from linearity increases as particle mass and intensity
increases. We will show that the linear dynamic range of SP-ICP-MS is limited to
3 orders of magnitude because of non-linear detector response. The linear range is
significantly lower than the range of 6 orders of magnitude for solution sample
measurement. Liu et al. [39] recently reported that the linear range in the high

particle-mass range could be extended by reducing the sensitivity of the detector.

In this study, two major factors that determine the linearity of SP-ICP-MS calibration
curves will be discussed. These factors are the degree of vaporization of the sample
particles and linearity of detector response in pulse-counting mode. Gold
nanoparticles will be used as model particles in the discussion. Experimental
measurement of SP-ICP-MS intensity of standard gold nanoparticles and computer
simulation of particle vaporization will be presented. The mathematical model will
also be used to show the relationship of linear dynamic range of a calibration curve
and the particle properties. There are few discussions on the suitable ICP operating
conditions for the SP-ICP-MS measurements. Operating conditions of the ICP for
solution samples are often used. Studying the linearity of single-particle ICP-MS
calibration curves and the ICP-MS depth profiles against the ICP operating conditions
may provide useful information for the selection of experimental parameters for

SP-ICP-MS measurements.
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2. Experimental

2.1 Chemical and solutions

Gold nanoparticle suspensions (British Biocell International, Cardiff, UK) of nominal
particle diameter of 60 nm, 80 nm, 100 nm, 150 nm, and 250 nm (coefficient of
variation CV < 8%) were used in this study. The gold nanoparticle suspensions were

diluted to approximately 10*/mL using deionized water before ICP-MS measurement.

Aqueous gold standard for ICP (1000 pug/mL Trace CERT®, Fluka, Seelze, Germany)
was used to prepare standard solution for calibration. The stock solution was diluted

using deionized water to 2 — 200 ng/mL prior to use.

2.2 ICP-MS measurement

A quadrupole-based inductively coupled plasma-mass spectrometer (Agilent 7500a,
Agilent Technologies, CA, USA) was used in this study. The general ICP-MS
operating parameters are shown in Table 1. The instrument was tuned using an
aqueous multi-element standard solution, which contained 10 ng/mL each of Li, Y,
Co, Ce and TI, for consistent sensitivity ('Li, *Y and *®TI) and minimum level of

doubly-charged ions and oxide species (**°Ce) before each experiment.

A V-groove nebulizer and a water-cooled Scott-type double-pass spray chamber

(temperature = 2 °C) were used for aerosol generation. The particle suspension was
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introduced into the nebulizer using a syringe pump (NE-1000 Single Syringe Pump,

New Era Pump Systems, NY, USA).

The spectrometer was operated in time-resolved analysis (TRA) mode. The minimum
integration time of 10 ms was used to minimize the chance of particle overlap in the
integration window. The duration of each measurement was typically 60 s. Only one
mass-to-charge ratio (m/z) can be monitored in the TRA measurement. The isotope

197 Au was measured.

3. Results and discussion

Calibration curves of gold nanoparticles of diameter of 60 — 250 nm were
constructed for ICP forward power of 1200 and 1400 W and sampling depth of 4 to
8 mm. The linear range of the calibration curves and the deviation from linearity of
the large gold nanoparticles are correlated with the degree of particle vaporization.
Correction factor for non-linear response of the ICP-MS detector is calculated for

the estimation of the deviation due to incomplete particle vaporization.

3.1 Calibration curves of gold nanoparticles

Figure 1a shows the temporal ICP-MS intensity profile of **’Au for the 100-nm gold
nanoparticles. The ICP-MS intensity spikes were binned to give the distribution of
ICP-MS intensity (Figure 1b). The intensity distribution is approximately
log-normal. The peak maximum of the intensity distribution of the 100-nm gold

nanoparticles is 2.44 (280 counts). The rate of the ICP-MS intensity spikes is 5.4 Hz
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(Figure 1a). The probability of spikes due to overlapping of 2 particles within the
10-ms integration window is approximately 3% by Poisson statistics [26]. The error
for the estimation of the peak maximum of the distribution due to spike overlapping
is negligible. The peak maximum of the intensity distribution is the median intensity
of the population [40]. The median intensity is within 2% of the trimmed mean (5%

trim). The peak maximum will be used in the construction of the calibration curves.

Calibration curves of gold nanoparticles of diameter of 60, 80, 100, 150 and 250 nm
were constructed for sampling depth of 4 to 8 mm in 0.5 mm increment for ICP
forward power of 1200 W and 1400 W and central channel gas flow rate of
1.05 L/min. Calibration curves at sampling depth of 7 and 12 mm for ICP forward
power of 1400 W and central channel gas flow rate of 0.95 L/min were also
constructed and shown in Figure 2. All calibration curves are linear for gold
nanoparticles of diameter of 60 — 150 nm. The calibration curves roll off at high
mass. The intensity of the 250-nm particle deviates negatively from linearity for all
experimental conditions. The linear range of the calibration curves is limited. The
deviation from linearity of the 250-nm gold nanoparticles over a wider range of
sampling depth and gas flow rate will be estimated from the intensity of the 100-nm

particles in the Section 3.3.

3.2 Calibration using standard solution

The calibration curves of gold nanoparticles of diameter <150 nm are linear for all
experimental conditions. The linear curves indicate that the particles (60-150 nm)
are completely vaporized at the sampling depth studied. Using our mathematical

model [8], the calculated degree of vaporization of the 100-nm gold nanoparticles is
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>95% at sampling depth of 4 mm. The completely vaporized particles in fact have
the same sampling depth profile as the standard solution (concentration range 2 to
200 ppb of Au). The normalized sampling depth profiles of the 100-nm gold
nanoparticles and the Au standard solution are nearly identical (Figure 3). Solution
calibration of SP-ICP-MS measurement of gold nanoparticles of diameter <150 nm
seems feasible within the limited linear mass range. However, successful calibration
also requires that the sensitivity of the standard solution and the sample particles are

the same.

The sensitivity of a particle can be calculated by dividing the ICP-MS intensity of
the particle by the number of atoms in the particle. The number of atoms is
estimated from the diameter of the gold nanoparticle and the density of gold (19.3
glcm® [41]), assuming a spherical particle. The sensitivity of the 100-nm gold

nanoparticles is 7.30x10°® count/atom at sampling depth of 6 mm.

The sensitivity of the standard solution is calculated from the mass flux of the
analyte introduced into the ICP. The nebulization and transport efficiency of the
sample introduction system must be determined accurately for the mass-flux
estimation [7, 38]. The nebulization and transport efficiency ¢ can be estimated by
counting the number of spikes Ns observed over the measurement duration t for a

standard particle suspension of particle number density N and sample uptake rate V.

Ng=NXVXtxe 1)

The assumption of same nebulization and transport efficiency of the discrete

particles and standard solution is valid for particles of diameter of a few micrometer
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or less [42, 43]. The nebulization and transport efficiency is 2.1% for the current
experimental setup. The sensitivity of the standard solution is 1.30x10™ count/atom
for integration window of 10 ms. The solution sensitivity is, on average, 1.7 times
larger than the particle sensitivity over the range of sampling depth of 4 to 14 mm.
The lower sensitivity of the 100-nm gold nanoparticles is likely due to larger
diffusion loss of the discrete particles compared to the aerosols of the standard
solution [7, 8]. Solution calibration will result in relative error of -40% in mass and
-17% in diameter. An additional empirical correction factor is required for solution
calibration. The empirical factor can be established by comparing the intensity of a
standard particle that is known to be completely vaporized (e.g., the 100-nm gold
nanoparticle in this study) and the intensity of the standard solution of the same

mass flux.

Table 2 shows the errors in particle diameter and analyte contents reported in the
literature. The errors are generally smaller for calibration using single
standard-solution droplets and standard particles compared to solution calibration.

Solution calibration for the determination of analyte contents is semi-quantitative.

3.3 Nonlinear calibration curve due to incomplete vaporization

Incomplete vaporization of the large sample particles in the ICP is inevitable [8, 22,
23, 44-49]. For example, the calibration curve of SiO; is linear for particle diameter of
400 nm to 1 um at ICP forward power of 1300 W and central channel gas flow rate of
0.8 — 0.9 L/min. The calibration curve rolls off at particle diameter >800 nm at central
channel gas flow rate of 1.0 L/min [23]. The negative deviation from linearity for

ICP-MS intensity of the 250-nm gold nanoparticles in Figure 2 is partly due to
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incomplete vaporization of the particles. (The other factor of non-linear detector
response will be discussed in the next section). The deviation is -36% and -15% for
sampling depth of 7 mm and 12 mm, respectively. The deviation reduces as sampling
depth increases, probably because of longer residence time at the higher sampling

position and thus higher degree of vaporization.

From the study in Section 3.1, the 100-nm gold nanoparticles are within the linear
calibration curves for a wide range of sampling depth. The intensity of the 100-nm
gold nanoparticles will be used to estimate the deviation from linearity of the ICP-MS
intensity of the 250-nm gold nanoparticles. The degree of vaporization of the 100-nm
gold nanoparticles is calculated to be >95% at sampling depth of 4 mm using our
mathematical model [8] (Figure 4). The 100-nm particle will be assumed to have
completely vaporized in the range of sampling depth studied (4 to 14 mm) in the

following paragraphs.

Mathematical model [8] is used to calculate the degree of particle vaporization to
facilitate discussion of the relative error in calibration due to incomplete particle
vaporization. The calculation of the rate constants of particle vaporization is based on
the combination of heat-transfer and mass-transfer-limited vaporization rate models
[50-52]. The ICP conditions for the simulation in Figure 4 are: ICP forward power =
1400 W, central channel gas flow rate = 1.05 L/min, evaporation coefficient = 0.03,

linear gas temperature profile of 500 K/mm [51, 52].

Figure 4 shows the simulation results of degree of vaporization of 100-nm and
250-nm gold nanoparticles. At sampling depth of 4 mm, the degree of vaporization

of the 100-nm gold nanoparticles is >95%, while that of the 250-nm particle is only



©CoO~NOUTA,WNPE

Journal of Analytical Atomic Spectrometry

60%. The 100-nm particles are 100% vaporized at sampling depth of 6 mm,
compared to 75% of the 250-nm particles. The deviation from linearity of ICP-MS
intensity of the 250-nm gold nanoparticles can be estimated from the difference in
the degree of vaporization of the 100-nm and 250-nm particles (Figure 5). The
deviation reduces as the sampling depth increases because of increase in the duration
of time for particle vaporization. It should be noted that diffusion of the analyte
atoms has not been considered in the above discussion for simplicity. The deviation

is expected to be less severe if diffusion loss is considered in the simulation.

The measured depth profiles of ICP-MS intensity of 100-nm and 250-nm gold
nanoparticles at forward power of 1400 W and central channel gas flow rate of
1.05 L/min are shown in Figure 6. The ICP-MS intensity depth profile of the
100-nm particle is used to calculate the theoretical depth profile of the 250-nm
particles, assuming complete vaporization (Figure 6b). The relative difference of the
experimental depth profile and theoretical depth profile is shown in Figure 6¢. The
relative deviation from linearity reduces as the sampling depth increases, in

agreement of the vaporization model (Figure 5). The relative deviations from 5 to 10

mm, however, are larger than the theoretical deviation based on particle vaporization.

The degree of particle vaporization is not the only factor affecting the linearity of the
calibration curve. As mentioned in the preceding paragraph, diffusion is not
considered in the vaporization calculation. Diffusion loss of the analyte ions is
expected to be more severe for the smaller particles that have completed
vaporization at low sampling position. The relative deviation from linearity for the
larger particles will be reduced because of the difference in diffusion loss. The larger

than expected deviations in Figure 6 is not related to analyte diffusion, but is
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probably related to non-linear detector responses of the transient intensity of the

single particles.

3.4 Non-linear detector response of the transient intensity

In SP-ICP-MS, digital ion-counting mode of detection is used because of the
relatively small ICP-MS intensity of the nanoparticles. For example, the largest
ICP-MS intensity in Figure 2a is approximately 3000 counts for the 250-nm gold
nanoparticles. The intensity is integrated over 10 ms. The average count rate is 3x10°
count/s, well within the limit of 1x10° count/s for linear response of an electron
multiplier in pulse counting mode [23]. However, the full-width-at-half-maximum of
an ion plume is approximately 300 us [12, 23, 53-55]. The instantaneous ion rate at
the detector can be much higher than the linear dynamic range of the detector and
non-linear response of the detector occurs. Figure 7 shows the count rate of a
hypothetical Gaussian pulse of base width of 600 us. The ideal total count of the pulse
is 1000 counts. The count rate of a steady signal (e.g., standard solution) that gives
1000 counts over the 10-ms integration window is also shown for comparison. The
count rate at the peak of the Gaussian pulse is approximately 48 times that of the
count rate of the steady signal, 4.8x10° and 1x10° count/s, respectively. The count rate

of the pulse at the peak already exceeds the linear dynamic range of the detector.

The ions enter the detector randomly. The deviation from linearity of the detector
response can be estimated using Poisson statistics. The probability of finding k ions
within the observation window of the detector in pulse-counting mode, P(k,A), is

given below [26].
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Ake

k!

-2

P(k,2) = )
where 4 is the chance of occurrence of an ion within the observation window, e is the
base of natural logarithm. The observation window is assigned as the dead time of the
electron multiplier (40 ns) [56]. The instantaneous count rate of the Gaussian pulse is
calculated from the sum of P(k,A) for k = 1, 2, 3, and 4 (Figure 7). The total count is
930 counts instead of 1000 because of overlapping of the analyte ions at the detector.
The deviation from linearity is -7% due to non-linear detector response. The
simulation is repeated for ideal ion counts of 100 — 4000 and the relative errors are
shown in Figure 8. The relative error increases with count rate. The error is substantial
(>10%) at 1500 counts or more. The relative error for the steady signal is negligible

because of the relatively low count rate.

The above simulation is relatively crude. The temporal ICP-MS intensity profile of an
ion plume is represented by a Gaussian peak. Correction factors derived from the
results in Figure 8 are approximate. The measured intensity of the 250-nm particles in
Figure 6b is corrected using the simulation results in Figure 8. The deviation from
linearity is reduced (Figure 9) and is comparable to the theoretical deviation in Figure
5. The deviation reduces from -34% to -20% and -12% to -1% at sampling depth of at
6 and 10 mm, respectively. The degree of vaporization of the 250-nm particles is
>95% at sampling depth of 12 mm (Figure 4). The deviation from linearity due to
incomplete vaporization is negligible at this sampling depth. The deviation becomes
positive at sampling depth >12 mm probably because of more severe diffusion loss of
the 100-nm particles as the particles finish vaporization earlier than the 250-nm

particles.
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It is interesting to note that, for ICP forward power of 1400 W and central channel gas
flow rate of 0.95 L/min, the estimated position of complete vaporization of the
250-nm gold nanoparticle is 12 mm using the empirical equation of our previous
study [8]. The deviation from linearity of the 250-nm gold nanoparticles in Figure 2b
is -15%. The deviation reduces to -3% with the correction of the detector response.
The deviation in Figure 2a for sampling depth of 7 mm is -35% and is reduced to
-16% with detector-response correction. Incomplete vaporization of the large particles
occurs at sampling depth of 7 mm. For successful solution calibration, the sampling
depth must be larger than 12 mm in order to obtain a linear calibration curve for the

sample particles.

Correction of the detector response has also been applied to the study of the deviation
from linearity of the 250-nm particles versus central channel gas flow rate. The
intensity of both the 100-nm and 250-nm particles increases with gas flow rate from
0.75 L/min to 0.85 L/min. The intensity reduces at higher gas flow rate (Figures 10a
and 10b). The deviation from linearity increases from 0.75 to 0.85 L/min and is
relatively constant from 0.90 to 1.05 L/min (Figure 10c). It is noted that the maximum
intensity of the 250-nm gold nanoparticles at 0.85 L/min is 4000 counts (Figure 10b),
at which the deviation from linearity is the greatest (Figure 10c). The intensity is large
and significant non-linear response of the detector is expected (Figure 8). After the
correction of non-linear detector response, the profile of deviation from linearity
changes completely (Figure 10c versus Figure 11). The corrected profile agrees with
the model that the degree of vaporization is higher at lower central channel gas flow
rate due to longer residence time of particles in plasma. The starting position of

particle vaporization is also shifted upstream of the plasma at lower gas flow rate [52].
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The deviation from linearity, therefore, decreases as central channel gas flow rate

decreases.

4. Simulated calibration curves

In the last section, we show that the linearity of a calibration curve is related to the
degree of vaporization of the large particles. In the heat-transfer and
mass-transfer-limited vaporization mechanisms, the vaporization rate depends on the
molecular weight of the analyte and the density of the particle [50-52]. The boiling
point determines the starting position of particle vaporization in the ICP. To illustrate
the effects of density, molecular weight, and boiling point on the linearity of a
calibration curve, the intensity of SiO,, PbO, and Yb,O3 are calculated using the
mathematical model [8]. The properties of the model particles are listed in Table 3.
The diameters of the particles are 60, 80, 100, 150, 200, and 250 nm, in parallel with
the Au nanoparticles. The ICP operating conditions are ICP forward power = 1400
W, central channel gas flow rate = 1.05 L/min, and sampling depth = 4 mm. The

same gas temperature gradient in Section 3.3 is used.

The simulated calibration curves are shown in Figure 12. SiO; has slightly higher
boiling point than gold nanoparticles. The density is approximately 1/7 of gold. The
molecular weight is approximately 1/3 of Au. The simulated calibration curve of
SiO; is linear at sampling depth of 4 mm (Figure 12a). PbO has high molecular
weight and relatively high density. However, the boiling point of PbO is low. PbO
starts vaporization much earlier than gold. At sampling depth of 4 mm, the degree of
vaporization of the 250-nm PbO particles is 100%. The simulated calibration curve

of PbO is also linear at 4 mm. Yb,03 has relatively high density and the largest

Page 16 of 42



Page 17 of 42

©CoO~NOUTA,WNPE

Journal of Analytical Atomic Spectrometry

molecular weight and boiling point among the particles. Yb,O3 starts vaporization
later than gold. The degree of vaporization of the 150-nm particles is only 80% at
sampling depth of 4 mm. The simulated calibration curve of Yb,03; deviates from
linearity for particle diameter >150 nm at sampling depth of 4 mm. The linear range

for the high-boiling particles is limited.

The linearity of the calibration curve depends strongly on the particle properties.
Particles of low density, molecular weight, and boiling point vaporize at higher rate
and will likely give linear calibration curves. Solution calibration for these particles is

expected to be more successful.

5. Conclusions

We have identified incomplete particle vaporization and non-linear detector response
in the pulse counting mode as two major causes of non-linear calibration curves at
high particle mass. Linear calibration curves are desirable for SP-ICP-MS
measurement, especially for solution calibration. The calibration curves for particles
of low density, low molecular weight, and low boiling point are more likely linear
over a wide range of particle diameter. For particles that do not vaporize rapidly,
measurement at higher sampling positions and use of higher forward power and
lower central channel gas flow may extend the linear range of the calibration curves.
Calibration using standard particles and single droplets of standard solution is less
susceptible to calibration errors if the sample particles and the standard particles are

similar in mass.

Experimental conditions that give high sensitivity are preferred for the measurement
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of small particles that are close to the measurement limits. The sensitivity can be
increased by increasing the power or decreasing the central channel gas flow rate.
The curve may become nonlinear in the high mass range because of non-linear
detector response for spike intensity larger than 1000 counts in the pulse-counting
mode. Linear calibration at the high mass range can be obtained by reducing the
sensitivity of the measurement. However, since the linear dynamic range is 3 orders
of magnitude in mass and 1 order in particle diameter only, reducing the sensitivity
will result in increase of the detection limits, i.e., the smaller particles will not be
detected. The linear range can also be extended by correction of the non-linear
detector response (Figure 8). However, detailed characterization of the temporal
ICP-MS intensity profile of the ion plumes is needed. Solution calibration is more
susceptible to the non-linear detector response than standard particle calibration.
Correction of detector response may not be necessary for standard particle and
standard droplet calibration if the mass of the sample particle and the standard

particles are similar.

Experimental data from the literatures show that standard-solution calibration is
semi-quantitative. The error is generally negative because of low sensitivity of the
sample particles compared to the standard solution. An empirical correction factor is

needed for standard-solution calibration.
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Figure 1. (a) ICP-MS temporal profile of **’Au of the 100-nm gold nanoparticles. (b)
ICP-MS intensity distribution of the particles. (ICP forward power = 1400 W, central

channel gas flow rate = 1.05 L/min, sampling depth = 6 mm, particle number density
= 10Y/mL).
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Figure 6. Depth profiles of ICP-MS intensity of (a) 100-nm and (b) 250-nm gold
nanoparticles. (c) Relative deviation from linearity of ICP-MS intensity of the
250-nm gold nanoparticles. (ICP forward power = 1400 W, central channel gas flow
rate = 1.05 L/min).
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Figure 7. Simulated ideal and suppressed count rates for transient signal of base
width of 600 us and continuous steady signal. Both signals give 1000 counts in the
10-ms integration window. The dead time of the electron multiplier is 40 ns.
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sampling depth = 7 mm).
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Figure 12. Simulated calibration curves of nanoparticles of (a) SiO,, (b) PbO and (c)
Yb,0s. ICP forward power = 1400 W, central channel gas flow rate = 1.05 L/min,
and sampling depth = 4 mm. Particle diameter = 60, 80, 100, 150, 200 and 250 nm.
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Table 1. Typical operating parameters of the ICP-MS.

ICP forward power 1400 W

Reflected power <5W

RF frequency 27.12 Hz

Plasma gas flow rate (Ar) 15 L/min

Auxiliary gas flow rate (Ar) 1 L/min

Central channel gas flow rate (Ar) 1.05 L/min

Type of nebulizer V-groove

Spray chamber Water-cooled Scott-type double-pass
ICP torch injector diameter 1.5 mm

Sample uptake rate 0.4 mL/min

Sampling depth 4-14 mm

Sampler aperture 1.0 mm

Skimmer aperture 0.4 mm

Data acquisition mode Time-resolved analysis (TRA)
Data sampling rate 100 Hz

Measurement duration 60 s
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Table 2. SP-ICP-MS calibration methods and experimental errors in literature.

. Calibration Errors in particle  Errors in analyte

Particles Analyte method diameter (%) content (%) Reference

Au Au Single droplets <-1 <-2* [22]

Au, Ag Au, Ag Single droplets <-b5* <-15 [13]

Mouse fibroblast cell Ca Single droplets 20 70* [29]

Ag Ag Standard particles <-5 <-10* [16]

H. pylori Mg Standard particles <5 <10* [27]

C. vulgaris Mg Standard Particles <5 <10* [7]

C. vulgaris Mg Standard solution -30 - 70* [7]

Ag Ag Standard solution —10to-20* -30to-50 [33]

B. subtilis U Standard solution -10 - 30* [10]

Ag Ag Standard solution —10to-20* -30to-50 [20, 21]
Au Au Standard solution -30 - 70* [37]
PbO Pb Standard solution >-10 > — 30* [6]

* Errors reported in the literature. The other errors are calculated from the reported values.
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Table 3. Properties of SiO,, PbO and Yb,03 [41].

Molecular

i Density i Boiling point  Linear range
Particle type 3 weight
(g/cm) (K) (nm)
(g/mol)

Au 19.3 196.97 3129 <150
SiO, 2.65 60.08 2863 > 250
PbO 9.35 223.20 1750 > 250

Yb,03 9.17 394.08 4343 <100
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