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zirconium-rich engineered and
natural nano particles using single particle ICP-
TOFMS†

Hark Karkee, Chloe Kyte and Alexander Gundlach-Graham *

Zirconium (Zr) is an important material in the field of ceramics, dentistry, and nuclear energy. It is also

present in particulate form in our environment and can come from naturally occurring minerals such as

zircon (ZrSiO4) or from anthropogenic sources such as zirconia (ZrO2). In this study, we present the

detection and classification of Zr-particles at the individual particle level by using single-particle

inductively coupled plasma time-of-flight mass spectrometry (spICP-TOFMS). Neat suspensions of

engineered zirconia particles (Zr-eng) and natural zircon particles (Zr-nat) were analyzed by spICP-

TOFMS, and a decision tree-based classification strategy was developed to distinguish the particle types

based on their multi-elemental compositions. In both Zr-eng and Zr-nat particles, the only well-

correlated element with Zr was hafnium (Hf), with Zr : Hf mass ratios converging to 47 : 1 and 75 : 1 for

Zr-eng and Zr-nat, respectively. The detection of Hf along with Zr is indicative of both Zr-eng and Zr-nat

particle types; however, the Zr : Hf mass ratios are too similar to be used to distinguish between

individual nano- and sub-micron Zr-eng and Zr-nat particles. Instead, Zr-nat particles can be

distinguished from Zr-eng particles based on the detection of minor-elements, such as iron, yttrium,

lanthanum, cerium, and thorium, along with Hf in the Zr-nat particles. With our classification scheme, we

demonstrate true-positive classification rates of 40% and 80% for Zr-eng and Zr-nat particle types,

respectively. False-positive classification of Zr-nat as Zr-eng was below 2%. We validate our classification

scheme by classifying the Zr-particles in controlled mixtures of Zr-nat and Zr-eng particles. In these

mixtures, Zr-eng particles are classified at particle-number concentrations (PNCs) down to 49-times

lower than that of Zr-nat particles and across a PNC range of 3 orders of magnitude.
Introduction

Zirconium (Zr) belongs to the group of naturally occurring high
eld strength elements (HFSEs), which also includes titanium
(Ti), niobium (Nb), hafnium (Hf), and tantalum (Ta). With
a crustal abundance of 0.02%, zirconium is primarily found in
magmatic deposits or naturally concentrated in sedimentary
deposits.1 The major sources of Zr are minerals such as zircon
(ZrSiO4), baddeleyite (ZrO2), and zirconolite (CaZrTi2O7).2 Apart
from Zr-minerals, Zr is also present as inclusions in other
minerals and it is recovered as a co-product or byproduct during
the processing of titanium-bearing minerals ilmenite, rutile,
and leucoxene.1,3 Commercial zirconium metal is typically
extracted from zircon minerals through liquid–liquid extraction
techniques.4

Zirconium is extensively used in the ceramic industry due to
its opacity and exceptional resistance to heat, water, chemicals,
rsity, Ames, Iowa, USA. E-mail: alexgg@

tion (ESI) available. See DOI:

f Chemistry 2024
and abrasion.5 Due to its corrosion resistance and stability at
high temperature (melting point = 1850 °C), zirconium is also
used in nuclear applications such as in uranium nuclear fuel
cladding and other reactor internal structure.6,7 Zircon can
resist various magmatic, metamorphic, and erosional processes
and thus it can be used in geochronology based on the decay of
U (and Th) to Pb.8

Zirconia (ZrO2) particles are produced industrially by various
chemical and green approaches9,10 and have been used for
applications such as catalysis11,12 and adsorption of toxins.10 Due
to its inertness and biocompatibility,13 nanoscale ZrO2 has
become an important ceramic material in dentistry14,15 and bone
gra applications.16 Despite zirconia's generally recognized
safety and biocompatibility, recent studies have raised concerns.
Atalay et al. reported that 20 nm ZrO2 particles produce apoptotic
and genotoxic effects in mammalian cells.17 Long term exposure
of Zr has been reported to cause skin discoloration,18 hypersen-
sitivity reactions,19 pulmonary brosis,20 and/or granulomata.21

Since zirconia particles are used for diverse applications, they
inevitably nd their way into environmental compartments, such
as air, water, or soils. Thus, the levels of nano-zirconia in the
environment should be monitored.22,23
J. Anal. At. Spectrom., 2024, 39, 1551–1559 | 1551
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Energy dispersive X-ray uorescence spectroscopy is typically
used for non-destructive multi-element measurement of major
and minor elements in zirconium minerals; however, this tech-
nique may not be suitable for trace level-determinations.24,25 For
trace-level measurements, inductively coupled plasma (ICP)
techniques such as optical emission spectrometry (ICP-OES)26,27

and mass spectrometry (ICP-MS)28–31 are used. ICP-MS is widely
used to measure major, minor, and trace elements in zirconium
crystals, for numerous applications such as high precision
isotopic composition for geological exploration30,32 and U–Pb or
Th–Pb geochronology.31,33,34 When operated in high time reso-
lution mode, ICP-MS has also been used for single-particle (sp)
analysis.35 ICP-MS is a robust and sensitive method for single-
particle measurements; however, the use of quadrupole mass
analyzers that allow measurement of one (or at most two)
elements or isotopes limits the application of spICP-MS for
multi-element analysis.36–38 This limitation is overcome by using
a time-of-ight mass analyzer. In the past few years, inductively
coupled plasma time-of-ight mass spectrometry (ICP-TOFMS)
has become an instrument of choice for multi-element analysis
at the single-particle or single-cell level.39–43

Single-particle (sp) ICP-TOFMS can be used for the quasi-
simultaneous analysis of elements across the entire atomic
mass range, spanning from 6Li to 238U, at high time resolution.
With spICP-TOFMS, multi-elemental ngerprints of single
particles or cells can be recorded.39–41 spICP-TOFMS has been
widely used for classication of natural and anthropogenic
nanoparticles (NPs) andmicroparticles (mPs). In the past, spICP-
TOFMS has been used to classify particles rich in titanium,44–46

zinc,47 cerium,48–50 and platinum-group metals using classica-
tion strategies such as machine learning and decision trees.51,52

Despite zirconium's abundance in the Earth's crust and the
ubiquity of Zr particles in our environment, their classication
by spICP-TOFMS remains largely unexplored.51,53,54 Here, we
report an spICP-TOFMS approach to classify zirconium-rich
natural and engineered NPs and sub-micron particles at envi-
ronmentally relevant concentrations and in mixtures.

Experimental section

Zircon (ZrSiO4) mineral specimens were obtained from the
Department of Geology and Atmospheric Sciences at Iowa State
University. The zircon grains were rst ground into a coarse
powder using a mortar and pestle and then ball milled (SPEX
mixer/mill 8000M) to achieve a ne powder. For ball milling,
approximately 500 mg of zircon coarse powder was loaded into
a polycarbonate grinding vial and ground for 1 hour (two sets of
30 minutes each) using methacrylate grinding balls. The ne
powder obtained from ball milling was then processed using
a previously established method.45 In short, ∼10 mg of ne
powder was dispersed in 15 mL of ultrapure water (18.2 MU cm
PURELAB ex, Elga LabWater, UK). The dispersed suspension
was water bath sonicated (VWR Ultrasonic Cleaner, VWR, PA,
USA) for 10 minutes, followed by 30 seconds of vortexing and 10
minutes of settling time. One mL of the supernatant was diluted
with ultrapure water and used as an intermediate stock suspen-
sion of ZrSiO4 NPs for spICP-TOFMS measurements. Initial
1552 | J. Anal. At. Spectrom., 2024, 39, 1551–1559
measurements of the diluted intermediate stock suspension were
done to determine the particle number concentrations (PNCs).

Zirconium dioxide (ZrO2) powder was purchased from
Sigma-Aldrich (St. Louis MO, USA) and used as a source of
zirconium engineered particles (i.e. Zr-eng). A neat suspension
of ZrO2 was prepared by dispersing approximately 2 mg of the
ZrO2 powder into 1.5 mL ultrapure water in a 2 mL centrifuge
tube. This was followed by 30 seconds of vortexing and 60
seconds of ultrasonication using a VialTweeter (Hielscher
UP200st, Germany, 100 W, cycle of 10 seconds on and 5 seconds
off). The sample was then centrifuged for two minutes at
4000 rpm using Mini centrifuge (Costar, USA). The estimated
size cutoff from this centrifugation was around 300 nm based
on Stoke's law and particle density of 5.9 g cm−3. 900 mL of
supernatant suspension was transferred to a new 4 mL vial and
used for further spICP-TOFMS measurements. Initial spICP-
TOFMS measurements of the diluted intermediate stock
suspension were done to determine the PNCs.

Mixtures of Zr-nat and Zr-eng particles were prepared by
spiking Zr-eng particles into a stock suspension of Zr-nat
particles and vice versa. In the rst mixed suspension, a Zr-
eng particle suspension (PNC z 250 000 mL−1) was spiked
into a Zr-nat suspension (PNC z 75 000 particles per mL). This
mixed-particle stock suspension was then serially diluted with
the background Zr-nat suspension as the diluent to obtain
suspensions with Zr-eng PNCs across three orders of magni-
tude. In the second mixed-particle suspension, a Zr-nat particle
suspension (PNC z 250 000 mL−1) was spiked into a back-
ground Zr-eng particle suspension (PNC z 37 000 mL−1). This
mixed-particle stock suspension was then serially diluted with
the background Zr-eng suspension as the diluent to obtain
suspensions with Zr-nat PNCs across three orders of magnitude.

Preparation of calibration solutions

Single-element standards (High-Purity Standards, SC, USA) were
used to prepare two different multi-element calibration solu-
tions. Dilutions were performed gravimetrically (ML204T/A00,
Mettler-Toledo, Switzerland). The rst multi-element calibra-
tion solution consisted of Mg, Al, Mn, Fe, Y, Cs, La, Ce, Pb, Th
and U diluted in 2% sub-boiled trace metal grade nitric acid
(Fisher Scientic, Fair Lawn, NJ, USA). Ultra-trace sub-boiled
concentrated HNO3 was distilled in-house (DST-1000, Savillex
Corp., MN, USA). The second multi-element calibration solu-
tion consisted of Ti, Zr, Nb, Ho, Hf, Ta and Bi diluted in 2%
HNO3 + 0.1% HF (Fisher Scientic, Fair Lawn, NJ, USA). The
range of element concentrations in the calibration solutions
was from 0 ngmL−1 to 500 ngmL−1. Single-element solutions of
Au with concentrations from 0 ng mL−1 to 500 ng mL−1 were
prepared in 2% (v/v) HCl (TraceSelect grade, Honeywell-Fluka,
Charlotte, NC, USA) and used to calibrate the transport effi-
ciency into the plasma with the particle-size method.55

spICP-TOFMS measurements and data processing

An icpTOF-S2 instrument (TOFWERK AG, Thun, Switzerland) was
used for all measurements. Detailed instrument operation
parameters are provided in Table S1.† ToFDAQ Recorder
This journal is © The Royal Society of Chemistry 2024
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(TOFWERK AG, Thun, Switzerland) was used to collect all the ICP-
TOFMS data and “TOF Single-Particle Investigator” (TOF-SPI) was
used for data processing.56 TOF-SPI is a batch analysis program
written in a LabVIEW (LabVIEW 2018, National Instruments
Corp., TX, USA) and used to calculate element background signals
and single-particle critical values (Lc,sp), determine absolute
element sensitivities (TofCts g−1), background subtract data,
correct split-particle events,57 quantify element masses in single
particles, and determine PNCs. Single-particle critical values (Lc,sp,i
values) are detection thresholds for each element, i, used to
separate particle derived signals from a steady state background
signals.58,59 LC,sp,i values can be converted to critical mass values
(Xmass

C,sp,i) based on absolute sensitivities for each element, i. In Table
S2,† we provide the nuclides used for quantication of elements
with typical absolute sensitivities and critical mass values.

The particle-size method was used to calculate element mass
amounts per particle and determine PNCs.55 Briey, ultra-
uniform 50 nm diameter gold NPs (nanoComposix, now Fortis
Life Sciences, San Diego, USA) were measured by spICP-TOFMS
and used to determine the absolute sensitivity for gold (TofCts
g−1). Standard solutions of Au prepared were then used to
determine the relative sensitivity of Au (TofCts s−1/g mL−1). The
ratio of the relative sensitivity to absolute sensitivity of Au was
used to calculate plasma-uptake rate (qplasma, mL s−1). The ratio
for qplasma to nebulizer uptake rate (qneb) was used to determine
nebulization transport efficiency (hneb, %). To obtain absolute
sensitivities of analyte elements, relative sensitivities of each
element from solution calibration curves were divided by qplasma.
All calibration calculations were performed in TOF-SPI.

Particle derived classication of Zr-particles as either natural
zircon particles (Zr-nat), engineered zirconia particles (Zr-eng),
or unclassied single-metal (sm) zirconium-containing parti-
cles (unc. smZr) was performed using a custom written
Streamlit webapp (version 1.23.1) based on Python language
(version 3.11.4) using PyCharm (Community Edition 2023.1.2)
as an integrated development environment (IED). The source
codes for the classication app are available on GitHub (https://
github.com/TOFMS-GG-Group). Details of the classication
scheme are provided below.

Throughout this manuscript, we refer to detected particle
signals as “NPs”; in fact, we detect both nano- (diameter < 100
nm) and micro-particles (diameter > 0.1 mm). With spICP-
TOFMS, some elements commonly present NPs, such as
carbon, nitrogen, oxygen, sulfur, and uorine, are not readily
detectable at the single-particle level. In the case of zircons
(ZrSiO4), the measurement of silicon at the single-particle level
was also not possible because of the high background of N2

+ in
the ICP and low sensitivity for 28Si+. We use the terms “single-
metal” and “multi-metal” NPs (sm-NP and mm-NP) to refer to
measured particle events with either one or with two or more
ICP-TOFMS-detectable elements, respectively.

Results and discussion
Characterization of Zr-NPs

To determine the multi-element compositions of the Zr-nat and
Zr-eng NP types, we rst analyzed neat suspensions of these NPs
This journal is © The Royal Society of Chemistry 2024
by spICP-TOFMS. In Fig. 1, we plot the unique elemental
ngerprints of Zr-eng and Zr-nat NPs as heat maps. In these
maps, the mass amounts of each element in all measured NPs
are shown on a false color scale. From the heat maps in Fig. 1, it
is clear that the Zr-nat and Zr-eng NPs have different spICP-
TOFMS measurable multi-element ngerprints: while Zr and
Hf are the only measurable elements in the Zr-eng NPs, the Zr-
nat NPs also contain signicant amounts of other elements,
including, Fe, Y, La, Ce, and Th. According to spICP-TOFMS
measurements and quantication with 100% oxide normaliza-
tion, the Zr-eng NPs contain – on average – 98.5% ZrO2 and 1.5%
HfO2 bymass. This is in agreement with the manufacture's label,
which states that the Zr-eng NPs contain ∼2.0% of HfO2 as an
impurity. In Fig. 1c, we plot a histogram of the equivalent
spherical diameters of the Zr-eng particles, as measured by
spICP-TOFMS. To estimate the diameter, we convertedmeasured
Zr mass to mass of ZrO2, and assumed that the NPs are spherical
with a density of 5.89 g cm−3. Based on three replicates, the
average NP size of the Zr-eng particles was 62.7 ± 0.9 nm (±1
standard deviation). In all replicates, 95% of the particles had an
estimated diameter less than 100 nm. Approximately 60% of the
Zr-eng NPs are measured as single-element Zr NPs (i.e. as sm-Zr
NPs). As shown in Fig. S1,† sm-Zr NPs are recorded predomi-
nantly as smaller NPs, with >95% of sm-Zr NPs having a Zr mass
<1 fg (ZrO2 diameter= 76 nm). Because Hf is aminor component
of the Zr-eng NPs, it is only measurable in larger NPs. If the size
distribution of Zr-eng NPs was larger or the critical mass of Hf
was signicantly lower, then Hf would be recorded in a larger
fraction of events from Zr-eng NPs.

Unlike Zr-eng NPs, the element signatures recorded by spICP-
TOFMS for Zr-nat NPs consist of a host of elements including Al,
Ti, Fe, Y, Zr, La, Ce, Ho, Hf, Pb, Th, and U, as shown in the heat
map in Fig. 1b. According to spICP-TOFMS measurements, Zr
and Fe are the major elements, with Zr and Fe accounting for 73
± 2% and 18 ± 2% of the total measured mass per NP, respec-
tively. The Zr-nat NPs had minor mass fractions of Th (3.4 ±

0.1%), Al (3.1± 0.3%), Y (0.8± 0.4%) and Hf (0.78± 0.02%). Our
measurement of Hfmass fraction aligns with previously reported
values (0.5–2.0%) for Hf content in Zr minerals.4 All other
elements are present in trace amounts. We report detailed mass
fraction data of all elements in Zr-nat NPs in Table S3.† In
Fig. 1d, we plot a histogram of the equivalent spherical diameters
of the Zr-nat NPs, as measured by spICP-TOFMS. The estimated
diameters were determined exclusively based on the measured
mass of Zr, which was converted to mass of ZrSiO4 based on
known mineral stoichiometry. We further assumed that the NPs
were spherical with a density of 4.7 g cm−3. The average diameter
of the Zr-nat NPs was 85 ± 1 nm (standard deviation of three
replicates). Approximately 70% of all measured Zr-nat NPs had
an equivalent spherical diameter less than 100 nm. Approxi-
mately 18% of measured Zr-nat NPs were recorded with a sm-Zr
signature; like the Zr-eng NPs, the particle events with a sm-Zr
signature contained less Zr mass (see Fig. S1†).

Despite the association of Zr with multiple elements in Zr-
nat NPs, the only element correlated with Zr is Hf. In Fig. S2,†
we present the correlation matrix of all elements quantied in
the Zr-nat NPs. In the Zr-nat particles, some elements, such as
J. Anal. At. Spectrom., 2024, 39, 1551–1559 | 1553
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Fig. 1 (a and b) Heat maps showing the elemental composition of Zr-eng NPs and Zr-nat NPs. (c and d) Histograms of the measured equivalent
spherical diameters of Zr-eng and Zr-nat NPs. Particle diameters were estimated assuming spherical shape and are based on measured Zr mass,
known stoichiometry of the minerals, and known densities. Heat maps and histograms are plotted using the data from single measurement.
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Ce and La, are well correlated with each other, but not with Zr or
Hf. This correlation is expected because the similar chemistries
of these elements cause them to be present at conserved ratios
when detected. However, as minor or trace elements, these
elements do not substitute for Zr or Hf in the crystal lattice and
so aren't correlated with Zr or Hf. Zr and Hf are also correlated
in Zr-eng NPs. In Fig. 2, we plot the mass ratios of Zr : Hf as
a function of Zr mass for both the Zr-eng and Zr-nat NPs. The
mass ratio of Zr : Hf converges to 47 : 1 and 75 : 1 in Zr-eng and
Zr-nat NPs, respectively. In Fig. 2, we plot the 95% condence
Fig. 2 Mass ratio of Zr : Hf plotted against Zr mass in multi-element ZrHf p
47 and 75 in the Zr-eng and Zr-nat NPs, respectively. The ratios follow
higher mass ratios. The black confidence bands are determined at the 9

1554 | J. Anal. At. Spectrom., 2024, 39, 1551–1559
bands predicted by Poisson statistics for the experimental mass
ratio as determined by Monte Carlo simulation. As seen, the
determined mass ratios for the Zr-eng NPs t well within the
expected Poisson condence bands; however, the Zr : Hf ratio
from the Zr-nat NPs is more disperse than predicted by Poisson
statistics: this dispersion is likely caused by true mass fraction
variation of Zr and Hf in the Zr-nat NPs. The dispersion in the
Zr : Hf mass ratio may be attributed to compositional variations
in Zr and Hf during magmatic and metamorphic crystallization
processes. Such variations result in the formation of zones
articles of Zr-eng (a) and Zr-nat (b). The Zr : Hf mass ratios converge to
an estimated Monte-Carlo error, however, there is some dispersion in
5% confidence level and a known, true, Zr : Hf mass ratio.

This journal is © The Royal Society of Chemistry 2024
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within zircons, exhibiting diverse compositions of Zr and Hf, as
well as other elements such as Si, P, Y, rare earth elements
(REE), uranium (U), and thorium (Th), with variations of up to
an order of magnitude.8,60 For both Zr-eng and Zr-nat NPs, the
minimum measured Zr : Hf mass ratio does not go below 3 : 1.
However, the maximum measured mass ratio of Zr : Hf is quite
different between the NP types: 200 : 1 for Zr-eng NPs and 700 : 1
for Zr-nat NPs.
Fig. 4 Pie charts showing classification accuracy of Zr-eng (a) and Zr-
nat (b) particles. The classification percentage (and numbers in
parentheses) are based on average values from triplicate measure-
ments with their associated standard deviations.
Classication scheme and its accuracy

To distinguish between Zr-eng and Zr-nat NPs at the single-
particle level, there must be differences in either multi-
element presence or elemental ratios between the two NP
types. As seen in Fig. 2, while the average ratio of Zr : Hf in the
Zr-eng and Zr-nat NPs are different, the majority of NPs do not
have measurable differences in Zr : Hf. Likewise, because the
sm-Zr element signature is recorded for both Zr-eng and Zr-nat
NPs and these NPs have similar mass amounts of Zr (see
Fig. S1†), events with sm-Zr signatures cannot be distinguished
as Zr-eng or Zr-nat. The most prominent distinguishing char-
acteristic between multi-element signatures recorded for the Zr-
eng and Zr-nat is the detection of associated elements other
than Hf in the Zr-nat NPs. In the spICP-TOFMS data of Zr-nat
NPs, more than 80% of NPs with a measurable amount Zr
also have a measurable amount of another element. Moreover,
up to 98% of the NPs with mm-Zr recorded signatures include
detection of an element or elements other than Hf. Because the
mass fraction of Hf in Zr-nat NPs is ∼75 : 1, Hf is present at
a mass amount below the critical mass of the spICP-TOFMS
measurement in a majority of Zr-nat NPs. The most common
element associations with Zr in the Zr-nat NPs are Fe, Th, and
Ce (see Fig. S3†). These elements do not have a conserved mass
ratio with Zr in the Zr-nat NPs; however, the detection of these
elements does indicate that the Zr-rich NP is not Zr-eng, and so
can be classied as Zr-nat.

In Fig. 3, we present our decision tree for the classication of
Zr-rich NPs as Zr-eng, Zr-nat, and unclassied (unc.) sm-Zr NPs.
In this decision tree, we classify NPs with a Zr–Hf mm-NP
signature as Zr-eng, NPs with a Zr–Hf–X or Zr–X signature
(where X is Fe, La, Ce, Pb, Th, or U) as Zr-nat, and all NPs with
a sm-Zr signature as unc. sm-Zr. We included the unc. sm-Zr
Fig. 3 Decision tree for the classification of Zr-eng and Zr-nat NPs.

This journal is © The Royal Society of Chemistry 2024
category because a large number of NPs with a sm-Zr signa-
ture are detected from both Zr-eng and Zr-nat NPs, and so these
smZr NPs cannot be denitively classied. In Fig. 4, we present
pie charts showing classication accuracy of each of the NP
types from neat suspensions of Zr-eng and Zr-nat NPs. Error is
presented as the standard deviation of three replicate spICP-
TOFMS measurements. As seen, our classication scheme
enables true-positive classication of ∼40% of the Zr-eng NPs
and ∼80% of the Zr-nat NPs. The classication scheme mini-
mizes false-positive classication: 0% of Zr-eng NPs are falsely
classied as Zr-nat and ∼2% of Zr-nat NPs are falsely classied
as Zr-eng. Our classication approach allows for many false
negatives with ∼60% of Zr-eng and ∼20% of Zr-nat NPs classi-
ed as “unclassiable.” This unclassiable category is included
because of the large analytical uncertainty for the measurement
of secondary elements in small NPs. Thus, the false negative
classications will change as a function of particle-size distri-
bution (PSD); spICP-TOFMS analysis of NPs with a larger
median particle size would result in fewer false negatives. By
minimizing false-positive classications (at the expense of
having more false-negatives), classication of NPs in variable
number concentrations is possible. For example, Zr-eng NPs in
a large background of Zr-nat NPs is only possible with a low
false-positive rate from the Zr-nat NPs.
Quantitative analysis of Zr-eng and Zr-nat particles

Engineered NPs (ENPs) in the environmental samples are oen
present at low PNCs compared to the particles of natural
origin.61 This makes the accurate quantication of ENPs
a difficult task, especially when the engineered and natural
particles have similar elemental compositions.45,49 Here, we test
our classication scheme of Zr-NPs, by mixing Zr-eng and Zr-nat
NPs at different PNCs, measuring the NP mixtures with spICP-
TOFMS, and then classifying the NPs. We provide results of
our determined number concentrations of each NP type (i.e. Zr-
eng or Zr-nat) in these mixtures in Fig. 5. In Fig. 5a, we present
results for a mixture with increasing Zr-eng PNC and a constant
background of Zr-nat particles. Our results show that Zr-eng
NPs can be classied across three orders of magnitude with
J. Anal. At. Spectrom., 2024, 39, 1551–1559 | 1555
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Fig. 5 (a) Quantitative analysis of Zr-eng NPs spiked into a suspension of Zr-nat NPs. Based on serial dilution of the spiked suspension with
a solution containing a constant PNC of Zr-nat NPs, we expect the slope of the determined Zr-eng PNC vs. dilution to be equal to 1 and Zr-nat
PNC vs. dilution to be constant. (b) Quantitative analysis of Zr-nat NPs spiked a various number concentrations (i.e. dilution amounts) into
a suspension with a constant number concentration of Zr-nat NPs. The average PNCs with associated standard deviation are based on triplicate
measurements.
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PNC ratios of Zr-eng : Zr-nat that range from 1 : 49 to 2.8 : 1. In
Fig. 5a, the slope of 0.73 on the log–log plot of Zr-eng PNC to Zr-
eng dilution indicates the inuence of false-positive classica-
tion of Zr-nat NPs. Based on our analysis of neat Zr-nat
suspensions, the false-positive rate from the Zr-nat NPs is
∼2%. This indicates that Zr-eng : Zr-nat ratio of ∼1 : 50 would
produce around a 50% over-estimation in the Zr-eng PNC false
positive classication rate of Zr-nat NPs. We observe this in
Fig. 5a, where the measure a lowest number concentration ratio
of 1 : 49, even when the theoretical PNC ratio goes down to ∼1 :
300. The small number of false positive Zr-eng classications
from the background Zr-nat particles limits the lower oor of
the dynamic range of Zr-eng that can be accurately classied.

In Fig. 5b, we present results from spICP-TOFMS analysis of
mixtures with increasing Zr-nat PNC and a stable Zr-eng NP
background. As seen, because Zr-eng NPs do not produce false
positives, detection of low PNCs of Zr-nat particles is not
interfered, and the slope of the curve is ∼1. The detected
particle number ratios of Zr-eng : Zr-nat ranged from 83 : 1 to 1 :
5, which spans 3 orders of magnitude. Additionally, we observe
that the inuence of false-positive Zr-eng classication from the
Zr-nat NPs onto the constant background of Zr-eng particles is
minimal. Though the spiked Zr-nat particles produce false
positive Zr-eng classications, the number of these false posi-
tives is small compared to the number of background Zr-eng
particles. A slope near zero for Zr-eng PNC vs. Zr-nat dilution
amount demonstrates no inuence in Zr-eng PNC due to spiked
Zr-nat across three orders of magnitude.
Conclusion

We reported the classication of zirconium NPs of natural
origin (zircon or Zr-nat) and anthropogenic origin (zirconia or
Zr-eng) at individual particle level using single-particle ICP-
TOFMS. We characterized both natural and anthropogenic
NPs in detail and developed a classication scheme based on
the unique elemental compositions measured in these particle
types. Zr-eng NPs are classied based on the association of Zr
with Hf in the absence of any other element. In our
1556 | J. Anal. At. Spectrom., 2024, 39, 1551–1559
measurements, the true-positive classication rate for the Zr-
eng NPs was ∼40% and the false-positive rate was zero. Zr-nat
NPs are classied based on the association of Zr with any
other element, regardless of the presence or absence of Hf. In
our measurements, the true-positive rate for Zr-nat NPs was
∼80% and ∼2% of Zr-nat produced false-positive Zr-eng clas-
sication. We validated our classication strategy by classifying
Zr-eng and Zr-nat NPs in mixtures across three orders of
magnitude. We demonstrated that Zr-eng NPs can be measured
at number concentrations 49-times lower than that of Zr-nat
particles.

All the experiments in this work were done on neat suspen-
sions and mixtures of known Zr-nat and Zr-eng NPs. This
experimental design was used to build and validate our particle
classication scheme. Our spICP-TOFMS classication scheme
for Zr-rich particles supports other classication schemes
already developed for the classication of Ti-rich45 and Ce-rich49

particle types. In the future, this work will be expanded to
include the analysis of more diverse Zr-nat and Zr-eng NP types
in order to investigate the robustness of the methodology for
more complex NP mixtures. Likewise, the work will be extended
to characterize and quantify Zr-nat and Zr-eng in more complex
environmental samples such as river water, soil, and urban
runoff.
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