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17 Abstract:

18

19 The recent expansion of single particle inductively coupled plasma mass spectrometry (spICP-MS) for
20 analysis of inorganic nanoparticles (NPs) in environmental and laboratory samples requires continued
21 method development to ensure accurate characterization. Spectral interferences in spICP-MS analysis
;g are often not fully addressed, especially particle generated interferences. Discrete ion clouds from

24 ablated NPs entering the plasma form doubly charged and polyatomic species in a manner similar to
25 dissolved ions that contribute to the continuous background signal. spICP-MS analysis of Y- and Nd-NP
26 suspensions resulted in NP detections that are falsely identified as Pd, Ge, and As NPs due to

;é interferences of YO* and Nd?*. Use of a dynamic reaction cell (DRC) eliminated YO* interferences, while
29 Pd NPs were still accurately measured in mixed suspensions of Pd- and Y-NPs. A strong correlation was
30 observed between the magnitude of interferences in solution mode and single particle mode,

31 supporting a similar mechanism of interferent formation in the plasma for dissolved and NP-associated
32 ions. Additionally, interference formation was affected by changes in nebulizer gas flow in a manner
gi similar to dissolved ions We conclude that particle generated interferences must be avoided or

35 eliminated to ensure accurate nanometrology.

36 .

37 1. Introduction:

38

39 The emergence of nanotechnology and associated fields has resulted in a need for analytical techniques
40 to quantify nanoparticles (NPs) in both environmental and laboratory samples. Among them, single

41 particle inductively coupled plasma mass spectrometry (spICP-MS) has emerged as the preferred

42 technique to provide high throughput inorganic NP characterization. By acquiring an ICP-MS signal at a
ji high time resolution, individual NPs that are ablated and ionized in the plasma produce discrete ion

45 clouds that generate peaks in time-resolved data, with peak areas corresponding to the mass of a given
46 element in an NP. spICP-MS can analyze thousands of NPs in aqueous suspension per minute, and can
47 provide size detection limits below 10nm, dependent on the element sensitivity.? It is therefore the

jg preferred technique to analyze NPs at environmentally relevant and/or ultra-trace concentrations, and
50 is employed in various fields ranging from medicine to geochemistry.>=* Although the technique is well
51 established, further progress can be made to improve its capability to accurately measure NPs.

g; A ubiquitous problem in quadrupole based ICP-MS analysis is the presence of spectral interferences,
54 including isobaric, doubly charged, and polyatomic interferences. Methods for eliminating spectral

55 interferences have been established, including correction equations or the use of multiple quadrupoles
56

57

58 1
59
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with a collision/reaction cell.> Mathematical equations involving multiple isotopes of the interferent are
most often used to correct for isobaric interferences, and in some cases, empirical equations can be
used to correct for polyatomic interferences, such as rare earth element (REE) oxides.® However, for
most polyatomic interferences, a cell gas is used in either collision or reaction mode to physically or
chemically alter the analyte or interferent in order to accurately measure the analyte.” While all of these
methods have been well established for ICP-MS analysis of dissolved analytes, the complete elimination
of spectral interferences in spICP-MS has not been achieved. Studies of spectral interferences in spICP-
MS analysis focus primarily on the elevated background signal generated from isobaric or polyatomic
interferences. For example, the effect of interferences caused by matrix components and plasma gas on
analysis of Fe, Zn, and Cr NPs was recently studied.®

In contrast, particle generated polyatomic and doubly charged interferences in spICP-MS have received
little attention, and the few studies considering them do not provide a comprehensive investigation.®
We hypothesize that during ablation and ionization in the plasma, NPs behave similarly to dissolved
ions, and therefore a fraction of the ion cloud from an individual NP will be converted to polyatomic ions
or doubly charged ions. If the ion cloud is large enough, the fraction of ions that form polyatomic or
doubly charged species will be recorded as a peak in the mass spectrum, resulting in false positive
particle detections for certain elements. We present two cases where these interferences are likely to
be problematic due to elements with relatively high environmental abundance (Y and Nd) interfering on
elements with low abundance (Ge, As, and Pd). Particle generated interferences are likely not limited to
these analyte/interferent combinations, others may include Ga and Se, resulting from doubly charged
lanthanides. Strategies to eliminate particle generated interferences are presented and discussed.

2. Methods and Materials:

A PerkinElmer NexION 350D ICP-MS was equipped with a glass cyclonic spray chamber, a concentric
nebulizer, and nickel cones for both dissolved and single particle (sp) analysis. For sp analysis, transport
efficiency (TE) was calculated using the particle size method with citrate-stabilized 50nm Au spheres
(NanoComposix, San Diego, CA).2° For sp mode, the dwell time was 100us,the flow rate was 330uL min-,
and data acquisition time was 60s. Instrument sensitivity was determined for each element using 10ug L
1 dissolved standards prepared by diluting 10mg L stock solutions (Inorganic Ventures, Christiansburg,
VA) in 2% nitric acid (trace metal grade, Fisher Scientific, Waltham, MA). The same standards were
analyzed in solution mode to determine interference ratios, where data was integrated over 500ms. No
internal standards were used to ensure the same conditions existed in both solution analysis and spICP-
MS analysis.

Nano powders of Nd (Nd,0s), Y (Y,03), and Pd (>99.9% purity) were purchased from Sky Spring
nanomaterials (Houston, TX). Although particle sizes of 20-50nm were reported by the manufacturer,
splCP-MS analysis showed polydisperse size distributions, likely due to a high degree of aggregation. A
small (mg) quantity of each nano powder was suspended in a 0.1% w/w solution of sodium dodecyl
sulfate (SDS, Fisher Scientific, Waltham, MA) and sonicated for 30 minutes to disaggregate particles. The
suspensions were filtered through 0.45um nylon syringe filters (Agilent, Santa Clara, CA) both to protect
the nebulizer from large aggregates, and to remove large particles that would suffer from incomplete
ablation in the plasma. The filtered suspensions were diluted 100x — 100,000x in 0.1% SDS and sonicated
for an additional 5 minutes prior to spICP-MS analysis. For analysis of Nd-NPs, 14*Nd, 1%6Nd, 1>°Nd, 1>>Gd,
160Gd, 7°Ge, 7*Ge, 3Ge and 7°As were monitored. For analysis of Y-NPs, 8%Y, 195Pd, and %6Pd were
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monitored. 19°Pd was monitored in standard mode (no cell gas) and using the dynamic reaction cell
(DRC) with an NH; flow rate of 1.0 mL min'. The Syngistix software (PerkinElmer, v2.5) was used to
collect and process data. Additional data processing was performed in MATLAB (Mathworks, v2023).
Particle detection thresholds (humber of counts above which signals are recorded as particle events)
were determined through an iterative process described elsewhere, and thresholds below 2 counts
were manually adjusted to 2 counts to avoid false positives.!? Particles were sized by converting peak
areas to mass using the mass flux calibration curve (Equations S1, S2), then converting to an equivalent
spherical diameter by assuming an oxide composition (Y,0;and Nd,0s), or pure elemental composition
(Pd, Ge, As), and a spherical shape (Equation S3).1° For particle generated interferences, peaks were
sized as Pd, Ge, and As to compare the false positives to sizes reported for these particle types in the
literature, and thus assess the significance of the interference.

The magnitude of each interference (referred to as the “interference ratio”) was measured in solution
mode by analyzing dissolved standards of Y and Nd (10ug L 1) and monitoring all isotopes listed above.
The counts per second (cps) measured for the analytes (Ge, As, Pd) were divided by the cps measured
for the interferents (Y, Nd), both signals were blank-subtracted. The same process was applied to spICP-
MS data to calculate the interference ratios in sp mode; the signal recorded over the 60s analysis was
summed for each analyte and interferent.

3. Results and discussion:

3.1: Particle generated oxide interferences, and elimination with cell technology

A suspension of Y-NPs was analyzed by spICP-MS to investigate the presence of particle generated oxide
interferences that cause false NP detections. Y was chosen for several reasons. First, the rare earth
elements (REEs) including Y readily form oxides in the ICP.® Second, the YO* ion has an m/z of 105,
interfering on the only isotope of Pd without isobaric interferences.'? The problem is significant in this
case because Y is nearly three orders of magnitude more abundant in the upper continental crust than
Pd, and is monoisotopic.® Figure 1 presents particle size distributions (PSDs) for the 3 isotopes
monitored for the Y-NP analysis; %Y (a), 1°Pd (b), and °°Pd (c). 1%°Pd is also presented in (d) with the use
of pure NH; as a reaction gas in the DRC.
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Figure 1: Particle size distributions resulting from spICP-MS analysis of a yttrium oxide nanoparticle
suspension, including PSDs for &Y (sized as Y,03) (a), 1°Pd (b), and 1°°Pd (c), all analyzed without cell gas.
105pd was also analyzed with pure NH; in the dynamic reaction cell (d). Note that only Y-NPs were
analyzed; the particles in (c) are 8°Y*°0 peaks, generating false positives on 1%Pd.

The PSDs presented in Figure 1 clearly demonstrate the significance of particle generated oxide
interferences. The PSD for #Y had a broad size distribution ranging from 30-200nm, likely resulting from
a high degree of aggregation (Figure 1a). This is typical of suspended nano powders, even with extended
sonication. Relevant parameters of the Y-NP suspension are detailed in Table S1. Figure 1b (1°°Pd) shows
just 2 peaks identified as particles indicating that no Pd was present in the NP suspension. Peaks on
106pd could be generated by #YY70 or 8Y0H, however because only 2 peaks were detected, there is not
a significant interference issue on 1°Pd due to Y. This is consistent with the low abundance of 7O and
10H in the plasma.'* In contrast, 2500 particles were detected for 1%Pd when no cell gas was used,
indicating the presence of peaks generated by 8°Y10* ion clouds (Table S1). The %°Pd peaks are
significantly lower in intensity than the #Y peaks, corresponding to the minor fraction of oxide species
generated, in this case 1.12% (Table S2). When sized as Pd particles (Equation S3), the peaks generated
from YO* ion clouds ranged from 25-80nm. Studies concerning the behavior of Pd NPs in environmental
samples often report Pd NPs in this size range, indicating that any Y NPs in such samples would likely
generate false positive Pd NPs.'> Y NPs are likely to occurr at significant concentrations in many
environmental samples, as the upper continental crust contains 21 mg Y Kg1.13 The suspension of Y-NPs
was analyzed using NH; in the DRC of the instrument to chemically eliminate the YO* interference. 1%°Pd
was monitored, and only 2 peaks were identified as particles, indicating that the DRC was successful in
eliminating the interference (Figure 1d). Time resolved data for all isotopes monitored is presented in
Figure S1.

To determine whether the YO* interference could be eliminated while still quantifying true Pd NPs,
mixed suspensions of Y- and Pd-NPs were analyzed. The same concentration of Pd-NPs was used for all
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samples, while the concentration of Y-NPs was varied by 500x (by performing varying dilutions of the
stock suspension) to assess the ability to eliminate the interference over a broad range of interferent
concentrations. Y and Pd particle numbers for each mixture are presented in Figure 2.
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Figure 2: Number of particles detected in a 60s spICP-MS analysis of mixed Y- and Pd- nanoparticle
suspensions. Y-NP dilution refers to the dilution factor of the stock suspension prepared from powder.
The Pd stock suspension was diluted by 1000x for all 4 mixtures. Error bars represent one standard
deviation of triplicate analysis (many are too small to be visible).

The trends in particle number presented in Figure 2 indicate that the increasing concentration of Y-NPs
in the mixtures had no effect on the number of Pd NPs analyzed. As the Y-NP dilution factor decreased
(from left to right), the detected number of Y-NPs increased from 70 + 10 to 14,500 + 1600 (Table S3).
However, there was not a significant difference in the number of Pd-NPs detected in all four mixtures,
which ranged from 2070 + 30 to 2130 + 50 (Table S3).

Although the YO* interference was successfully eliminated using the DRC, the ability to measure Pd-NPs
is affected in two ways when compared to standard mode. Sensitivity was reduced by 27% in DRC mode
(Figure S2) and the interaction between the ion clouds and the cell gas resulted in peak broadening, a

well-documented phenomenon in spICP-MS analysis (Figure S3).16 These two effects resulted in a higher
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particle detection threshold caused by “non-resolved” particles, commonly observed in polydisperse
samples (to resolve these particles, additional dilutions would be needed).” The reduced sensitivity and
elevated threshold led to under-counting of particles when using DRC mode for a neat suspension of Pd-
NPs (Table S1). The mean size of Pd-NPs also differed between the two modes of operation; in DRC
mode, the average diameter was 97 nm, compared to 82nm without a reaction gas (Table S1). This
difference arises from the elevated particle detection threshold; the smallest particles are not detected
in DRC mode, and thus the average diameter is larger and particle number is lower. Particles are still
sized accurately in both modes of operation (instrument sensitivity was calibrated in both modes, Figure
S2), but average diameter is a poor indicator of the PSD in this case. The elimination of the YO*
interference and resulting false positive Pd-NPs is more important for environmental applications than
underreporting true Pd-NP numbers and increasing mean size, and therefore DRC mode is preferred.

3.2: Particle generated doubly charged interferences

To assess the effects of particle generated doubly charged interferences in spICP-MS analysis, a
suspension of Nd-NPs was analyzed and several key isotopes were monitored. Nd was chosen because
of its relatively low second ionization potential (resulting in Nd?*) and because of its abundance in
environmental matrices. Because Nd has 7 naturally occurring isotopes, many interferences are
generated from Nd-NPs. Figure 3 presents PSDs for Nd and resulting interferences on As and Ge.
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Figure 3: Particle size distributions resulting from splCP-MS analysis of a neodymium oxide nanoparticle
suspension, including PSDs for #*Nd (Sized as Nd,O0;) (a), 7°As (b), 7?Ge (c), and 7°Ge (d).

The PSDs in Figure 3 indicate that Nd NPs generated false positive particles for 72Ge and 7°As due to the
doubly charged interference. Similar to the Y PSD in Figure 1a, the Nd PSD (Figure 3a) is polydisperse,
ranging from 40-300nm. The PSD for 7°As is presented in Figure 3b, where 30 false positive particles
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were detected ranging from 50-110nm (when sized as pure As NPs), generated from *°Nd?* (Table S1).
Only 1 particle was detected in a blank sample (Table S4). False positive peaks occurring on 7°As presents
a significant issue because As is monoisotopic, and therefore a clean isotope cannot be chosen.
Additionally, detection of ultra-trace As in environmental samples is important due to its toxicity, as well
as its application in mineral exploration as a pathfinder element.'®*° Figure 3c and 3d present PSDs for
72Ge and 7°Ge, respectively. The Nd?* interference generated 900 false positive particles for 72Ge (Table
S1); the higher number compared with 7>As arising from the isotopic distribution of Nd. 1**Nd accounts
for 23.8%, while *°Nd accounts for just 5.6%. 15 particles were detected for 7°Ge, which could have
arisen from several sources including Ce contamination in the Nd-NPs (creating Ce?* peaks), or due to an
isobaric interference with Zn, a common contaminant in ICP-MS analysis. Eliminating false Ge particles
may not be as critical as Pd or As in environmental samples, but Ge NPs are used in advanced
technologies including solar cells and batteries, making the identification of false positives
important.2921

splCP-MS analysis of the Nd-NP suspension clearly indicates that the fraction of ion clouds that are
doubly charged can generate false positive particles. However, unlike for YO*, NH; could not be used to
eliminate these interferences. As an alternative, mass shifting is often used by reacting O, with the ions
(i.e. to create AsO, monitoring m/z 91).22 A high resolution ICP-MS such as a sector field (SF-ICP-MS) can
also provide the resolution needed to resolved doubly charged interferences, or multiple quadrupoles
can be used to eliminate the interferant.>?* On a quadrupole ICP-MS, extreme care must be taken to
avoid particle generated doubly charged interferences. Screening environmental samples for suspected
interferants based on isotopic distributions, crustal abundances, and second ionization potentials is
suggested as the best means to avoid reporting spICP-MS data with false positives.

3.3: Variation in nebulizer gas flow rate influences interference formation

To provide additional evidence for the mechanism of formation of particle generated interferences,
nebulizer gas flow rate was varied during spICP-MS analysis of Nd-NPs, monitoring 7>Ge, %9Gd, and
144Nd. The fraction of ions for each interference (***Nd0* as 1%°Gd, and Nd** as 2Ge) was plotted for
each nebulizer flow rate tested, shown in Figure 4.
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Figure 4: Magnitude of Nd?* (7>Ge) and **Nd*e0O* (1¢°Gd) interferences recorded in single particle mode
as a function of nebulizer gas flow rate. The % interference was calculated by dividing the summed
counts measured on 72Ge and '%9Gd by the counts measured on **Nd, and multiplying by 100%. Error
bars represent one standard deviation of triplicates.

Figure 4 demonstrates that for spICP-MS analysis, nebulizer gas flow rate significantly affects the
formation of oxide and doubly charged interferences. Increasing the nebulizer gas flow rate results in
several changes to sample introduction. The transport efficiency is increased, and as a result the
sensitivity of dissolved ions increases. However, an increase in nebulizer flow rate also results in a
shorter duration of the molecules/ions in the plasma, which leads to increased oxide formation, and
decreased double charge formation.?*?° This is reflected in an increased signal observed for all isotopes
monitored, as a result of increased transport into the plasma with increasing nebulizer flow rate (Table
S5). Interference formation was also affected, with an increase in the fraction of oxides (**°Gd increases
from 1.8 to 5.3%) and a decrease in the fraction of doubly charged ions ("2Ge decreases from 2.9 to
1.9%) measured as nebulizer gas flow rate increased from 0.7 to 0.86L min™L. This suggests that the
mechanism of interference formation from splCP-MS analysis of NP suspensions is similar to that of
dissolved ions, the latter being extensively reported in the literature.®> 3.4: Comparing spectral
interferences between splCP-MS and solution ICP-MS:

Interference ratios were calculated for both sp mode and solution mode for all combinations of analyte
and interferent discussed above. The ratios are plotted in Figure5 and recorded in Table S2.

Page 8 of 11
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Figure 5: YO*, NdO*, and Nd?* interferences determined from solution ICP-MS analysis of dissolved Y and
Nd standards, and from spICP-MS analysis of Y and Nd nanoparticle suspensions. Interferences were
calculated by dividing the counts recorded on the analyte (Pd, As, Ge, Gd) by the counts recorded on the
major isotope generating the interference (Y, Nd) and multiplying by 100%. Error bars represent one
standard deviation of triplicate analysis.

The interference ratios for spICP-MS and solution ICP-MS are highly correlated (r> = 0.93) and have a
slope close to unity (m = 1.15), indicating that similar processes in the ICP generate interferences in both
modes of analysis. However, unlike solution mode, where a correction can be applied to subtract the
counts contributed by the interferent, single particle data cannot be corrected in this manner. This is
because spICP-MS analysis using a quadrupole mass analyzer can only detect one element at a time. In
an environmental sample containing particles with multiple elements, for example Y and Pd, the data
would be reported as separate PSDs for Y and Pd. There is no way to subtract off the YO* interference
from individual Pd-NPs, because of the polydispersity of Y-NPs in an environmental sample coupled with
the inability to measure multiple elements simultaneously. Thus the differing contributions of YO* to
each Pd particle cannot be determined. Uncertainty in the interference ratio was greater for sp mode,
likely because NP suspensions are not homogeneous as dissolved solutions are, especially for the highly
polydisperse suspensions considered in this study. Relatively few Nd- and Y-NPs were detected at large
sizes (>200nm); these are likely to generate the highest number of counts for polyatomic and doubly
charged species. Poor representativity of these large particles leads to greater uncertainty in the
interference ratio. Although the slope is close to 1, we hypothesize that it is slightly higher than 1 (1.15)
due to issues with detecting high count rates associated with large particles. Because the dual detector
could not be used in sp mode (with the Syngistix V2.5 software), particles generating over 2x10° cps
(1600 counts in a 100us dwell time) are not recorded in the raw data. However, the particles large
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enough to generate this number of counts are likely still completely ablated, meaning the doubly
charged or oxide fraction of the ion cloud is still detected, resulting in a slope >1. A recent release of the
Syngistix software enables use of the dual detector, possibly negating this effect.

4. Conclusions:

From this study we conclude that particle generated spectral interferences are likely to occur in spICP-
MS analysis, and have the potential to significantly impact results for environmental or laboratory
samples. Analysis of Y- and Nd-NPs, both of which are abundant in environmental matrices, resulted in
significant numbers of false positive particles for trace elements Pd, As, and Ge due to fractions of the
ion clouds forming doubly charged or oxide species. For spICP-MS analysis of environmental samples,
extreme care must be taken to avoid these interferences. We recommend screening samples for
environmentally abundant elements that have a high propensity to form polyatomic or doubly charged
species.’? The Dynamic Reaction Cell (DRC) can then be used to chemically or physically eliminate many
of these interferences, or more advanced instrumentation may be required. Higher sensitivity provided
by a magnetic sector instrument could negate interference issues by resolving the difference in mass
between the analyte and interferent. Additionally, the multi-elemental capability of spICP-Time-of-
Flight-MS could be used to correct single particle data for interferences, if the magnitude of the
interference was tested. Further work is needed to establish best practices to avoid particle generated
interferences on a variety of instrument types.
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