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ABSTRACT

Detection and quantification of engineered nanomaterials in environmental systems require precise knowledge
of the elemental composition, association, and ratios in homologous natural nanomaterials (NNMs). Here, we
characterized soil NNMs at the single particle level using single particle-inductively coupled plasma-time of
flight-mass spectrometer (SP-ICP-TOF-MS) in order to identify the elemental purity, composition, associations,
and ratios within NNMs. Elements naturally present as a major constituent in NNMs such as Ti, and Fe occurred
predominantly as pure/single metals, whereas elements naturally present at trace levels in NNMs occurred pre-
dominantly as impure/multi-metal NNMs such as V, Nb, Pr, Nd, Sm, Eu, Gd, Tb, Er, Dy, Yb, Lu, Hf, Ta, Pb, Th, and U.
Other elements occurred as a mixture of single metal and multi-metal NNMs such as Al, Si, Cr, Mn, Ni, Cu, Zn, Ba,
La, Ce, W, and Bi. Thus, elemental purity can be used to differentiate ENMs vs. NNMs only for those elements that
occur at trace level in NNMs. We also classified multi-metal NNM into clusters of similar elemental composition
and determined their mean elemental composition. Six major clusters accounted for more than 95% of the de-
tected multi-metal NNMs including Al-, Fe-, Ti-, Si-, Ce-, and Zr-rich particles' clusters. The elemental composition
of these multi-metal NNM clusters is consistent with naturally occurring minerals. Titanium occurred as a major
element (>70% of the total metal mass in NNMs) in Ti-rich cluster and as a minor (<25% of the total metal mass in
NNMs) element in likely clay, titanomagnetite, and aluminum oxide phases. Two rare earth element (REE) clus-
ters were identified, characteristic of light REEs and heavy REEs. The findings of this study provide a methodology
and baseline information on the elemental composition, associations, and ratios of NNMs, which can be used to
differentiate NNMs vs. ENMs in environmental systems.
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1. Introduction

As the production and use of engineered nanomaterials (ENMs)
such as TiO,, Ce0,, and La,03 increases (Piccinno et al., 2012), so does
the potential for their release to environmental systems (Lead et al.,
2018). For instance, several studies demonstrated the release of high
concentrations of TiO, engineered particles (e.g., ENMs and pigments)
from construction and demolition landfills (Kaegi et al., 2017), paints
(Kaegi et al., 2008), bathing (Gondikas et al., 2014), sewage spills
(Loosli et al., 2019a), and urban runoff (Wang et al., 2020; Durin,
2006). Thus, there is an increased need to develop analytical approaches
to quantify the concentrations and characterize the properties of ENMs
in complex environmental matrices including soils and sediments
(Alvarez et al,, 2009). However, these environmental matrices encom-
pass high concentrations of naturally occurring nanomaterials (NNMs)
with similar elemental compositions and particle size as ENMs, which
complicates the detection and quantification of ENMs in such systems
(Praetorius et al.,, 2017; Philippe et al., 2018). For instance, Ti- and Ce-
rich particles are naturally present in soils and sediments at much
higher concentrations than the estimated ENM environmental concen-
trations (Gottschalk et al., 2013). The detection and quantification of
ENMs in environmental matrices require differentiating ENMs from
NNMs (von der Kammer et al., 2012; Montano et al., 2014). Therefore,
a precise knowledge of the properties of NNMs such as size distribution,
elemental composition, and elemental ratios is a prerequisite to develop
strategies for the detection and quantification of ENMs in the natural
environment.

In soils, natural particles form after weathering of parent material
and generally exhibit similar elemental compositions, associations,
and ratios as those of the parent rocks. Some elements are almost exclu-
sive to only one or two minerals such as Zr and Hf, which are only asso-
ciated with zircon. The elements Nb, Ti, and Ta often have similar
mineralogical affinities, being associated with titanium minerals such
as rutile, anatase, sphene, and/or opaque heavy minerals (e.g.,
titanomagnetite, magnetite, and ilmenite) (Craigie, 2018). Natural
TiO, minerals, such as rutile and ilmenite, have been shown to be the
dominant carrier (e.g.,, >90-95% of the whole rock content) for Ti, Nb,
Ta, Sb, and W as well as an important carrier (e.g., 5-45% of the whole
rock content) for V, Cr, Mo, and Sn in TiO,-bearing metamorphic rocks
(Zack et al., 2002; Gaspar and Wyllie, 1983). The elements Th, Y, and
heavy rare earth elements (HREEs) are concentrated exclusively in
heavy minerals (Craigie, 2018). Cerium is the most abundant REE and
is typically associated with other rare earth elements such as La, Er,
Eu, Ho, Tm, Y, Yb in minerals such as monazite, xenotime, allanite,
bastnasite, and others (Murata et al,, 1957; Long et al., 2012).

Elemental impurities are generally removed during the manufactur-
ing of ENMs (e.g., TiO, and CeO,) from natural parent minerals resulting
in pure ENMs (International Agency for Research on Cancer, 2010;
Baalousha et al., 2020). Thus, a promising approach to differentiate nat-
ural from engineered particles is based on detecting elemental impuri-
ties and determining elemental ratios in NNMs (Loosli et al., 2019a;
Gondikas et al., 2018). Elemental ratios such as Ti/Nb, Ti/Ta, and Ti/Al
of bulk waters and soils have been recently used to quantify TiO,
engineered particles in sewage spills (Loosli et al., 2019a), urban runoff
(Wang et al,, 2020), and stormwater green infrastructures (Baalousha
et al., 2020). Additionally, elemental ratios such as Zr/Nb, Zr/Th, Th/
Nb, Ti/Ta, and Cr/Nb have been used in the identification of chemozones
(Craigie, 2018). The benefits of using these elemental associations and
ratios are that they are generally very ‘stable’ and largely unaffected
by post-depositional diagenesis or weathering (Craigie, 2018). None-
theless, these elemental associations and ratios could be altered by en-
vironmental processes such as dissolution due to changes in
environmental conditions (e.g., pH and redox potential), or during par-
ticle extraction (Regelink et al., 2013). Natural particle extraction from
soil microaggregates is vital to simplify their characterization by reduc-
ing natural sample polydispersity and to improve the understanding of
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NNM physicochemical properties such as size distribution, elemental
composition and ratios, and morphology (Loosli et al., 2019b; Yi et al.,
2020; Loosli et al., 2019¢). However, chemical extractants and extrac-
tion conditions (e.g., tetrasodium pyrophosphate and high pH) could
dissolve soluble particles such as iron oxides, which may impact the el-
emental ratios (e.g, Ti/Fe) (Regelink et al,, 2013).

Multi element-single article analysis by single particle-inductively
coupled plasma-time of flight-mass spectrometer (SP-ICP-TOF-MS) is
a promising technique in the nanometrology toolbox to differentiate
ENMs from NNMs based on elemental purity/impurity and elemental
ratios at the single particle level (Loosli et al., 2019a; Praetorius et al.,
2017). The premise of ICP-TOF-MS is that it detects and quantifies all el-
ements within a single particle at low/trace concentrations, and thus,
ICP-TOF-MS is the only method that could be implemented to differen-
tiate ENMs from NNMs in environmental systems at the single particle
level. However, ICP-TOF-MS detects and quantifies elements that
occur within particles at concentrations greater than the minimal de-
tectable mass (MDM, Table S1), which is element dependent (Lee
et al., 2014; Hadioui et al., 2019). The MDM that can be attained with
SP-ICP-MS depends on the instrument or elemental sensitivity and the
background levels that result from both dissolved analyte and instru-
mental noise (electronic noise and interferences to the monitored iso-
tope) (Hadioui et al., 2019). Thus, the ability of the ICP-TOF-MS to
“unequivocally” differentiate ENMs from NNMs based on elemental pu-
rity/impurity and elemental ratios at the single particle level remains
uncertain.

This study aims to generate baseline information on elemental pu-
rity, associations, and composition of NNMs extracted from soil samples
and investigate how these parameters are impacted by the extractant
composition. NNMs were extracted from three topsoils by both ultra-
pure water and tetrasodium pyrophosphate and were characterized
by SP-ICP-TOF-MS.

2. Materials and methods
2.1. Soil samples

Three topsoil samples were collected with a hand drill from the sur-
face to 15 cm below the surface in polyethylene bags. The first topsoil
(Orangeburg) was collected from Dillon County (34.5044,
—79.4231452), South Carolina, United States. The soil is characterized
as Orangeburg series. The Orangeburg series consists of very deep,
well-drained, moderately permeable soils on the uplands of the South-
ern Coastal Plain. They are formed in loamy and clayey marine sedi-
ments. The topsoil is characterized as a dark grayish brown loamy
sand with a weak fine granular structure. The second topsoil (Varina)
was from collected Dillon County (34.455574, —79.444813), South Car-
olina, United States. This soil is characterized as Varina series formed
from sandy loam. The topsoil is characterized as grayish brown sandy
loam with a weak fine granular structure. The third topsoil (Mecklen-
burg) was collected from Chester County (34.80189, —80.07951139),
South Carolina, United States. This soil is characterized as Mecklenburg
series. The Mecklenburg series consists of very deep, well-drained,
slowly permeable soils that formed in residuum weathering from inter-
mediate and mafic crystalline rocks of the Piedmont uplands. The top-
soil was characterized as a reddish-brown loam with a moderate
medium granular structure.

2.2. Natural particle extraction

The collected soils were sieved using a 10-mesh 2 mm pore size
nylon sieve (Zhangxing Instrument, Hangzhou, Zhejiang, China) to re-
move large particles. A hundred grams of the dry-sieved soils were
mixed with 1 L UPW for 24 h, followed by wet sieve through a 300-
mesh 54 pum pore size nylon sieve (Zhangxing Instrument, Hangzhou,
Zhejiang, China). Then, the sieved soil samples were transferred into



M. Baalousha, ]. Wang, M. Erfani et al.

Fast-Freeze flasks for freeze-drying (Freezone 6, Labconco, Kansas City,
MO, USA) to achieve complete dryness. The dried samples were stored
in 50 mL acid-washed polypropylene centrifuge tubes (Fisherbrand,
Fisher Scientific, San Nicolas de Los Garza, Mexico) in a freezer before
further treatment.

Two solutions were used to extract NMs from soils: 1) ultrapure
water (UPW) as a minimally disturbing extractant and 2) tetrasodium
pyrophosphate solution at pH 10 as it has been shown to improve NM
extraction from soils and waters (Loosli et al., 2019b; Yi et al., 2020;
Loosli et al., 2019c; Loosli et al., 2018). Twenty mg of the freeze-dried
soils were mixed with 30 mL UPW (PURELAB Option-Q, ELGA, Bucking-
hamshire, UK) or 10 mM tetrasodium pyrophosphate solution at pH 10
(analytical grade, Alfa Aesar, Japan) in 50 mL acid-washed polypropyl-
ene centrifuge tubes and overhead rotated on a tube rotator (Fisher
Scientific, Shanghai, China) at 40 rpm overnight. The well-dispersed
mixture was bath sonicated (Branson 2800, 40 kHz, Eppendorf,
Hamburg, Germany) for 2 h to disrupt soil microaggregates and
enhance the release dispersion of natural particles (Loosli et al., 2018).
The 1 um size fraction was then separated by centrifugation (Eppendorf,
5810 R, Germany) at 775 g for 5 min based on a particle density of
2.5 g-cm > and Stokes' law calculation (Tang et al., 2009). The top 20
mL of the supernatant was transferred into 50 mL acid-washed polypro-
pylene centrifuge tubes and stored at 4 °C before any further analysis.
The collected fractions were diluted 5000-folds in UPW and sonicated
for 15 min in a bath sonicator prior to SP-ICP-TOF-MS analysis.

2.3. Single particle analysis

Single particle analysis of the diluted soil NNM extracts was per-
formed using an ICP-TOF-MS (TOFWERK, Thun, Switzerland) to deter-
mine all isotopes within a single particle simultaneously (Hendriks
et al., 2017). All samples and UPW blanks were analyzed in triplicates
and data were collected for 200 s for each replicate. The replicates
were combined for all following data analysis due to the low detection
frequency of some elements. Element specific instrument sensitivities
were measured with a series of multi-element solutions prepared
from a mixed multi-element ICP certified reference standard (0, 1, 2,
5, and 10 pg L™' multi-element standard, diluted in 1% HNO3, BDH
Chemicals, Radnor, PA, USA). The transport efficiency was calculated
using the known size approach (Pace et al,, 2011) using both Au ENMs
with a certified particle size of 60 nm (NIST RM8013 Au, Gaithersburg,
MD, USA) prepared in UPW and Au ionic standard solutions (0, 1, 2, 5,
and 10 pg L™, diluted in 1% HCl, BDH Chemicals, West Chester, PA,
USA). Using a standard tuning solution, the ICP-TOF-MS mass spectra
were calibrated based on '®H,0 ™, >°Co™, '"°In™, 4°Ce™, and 233U tar-
get isotopes in TofDaq Viewer (Version, TOFWERK) prior analysis or in
Tofware (Version, TOFWERK) after analysis if mass shifts occurred dur-
ing analysis. Particle/baseline signal separation, particle signals, particle
mass, and particle number concentration were determined from the
mass-calibrated ICP-TOF-MS spectra using Python script in Tofware as
described elsewhere (Loosli et al., 2019a). The particle detection thresh-
old was calculated for each isotope according to Eq. (1) (Tanner, 2010).

Threshold = Mean + (3.290 + 2.71) (1)

Mean and o are those of background signal in the analysis window
of 100 data points. The data for each isotope were treated separately,
but the time stamps were kept throughout the data processing for
every isotope, allowing for the identification of isotope correlations in
a single particle. For example, an impure particle (e.g., a particle contain-
ing multiple elements) generates several isotope signals spikes in a
given time stamp. An “apparently pure” particle generates one isotope
signal spike in a given time stamp. The term “apparently pure” is used
in this study because such particles might contain elements at a concen-
tration below the sp-ICP-MS minimum detectable mass (MDM,
Table S1). All results are discussed below in term of the number of
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detected particles under the experimental conditions (e.g., transport ef-
ficiency = 6%, sample flow rate = 0.4 mL min~', combined triplicate
analysis of 200 s each, and dilution factor = 5000 folds were constant
for all samples). These parameters can be used to calculate the actual
number concentration of NNMs in the soils as described elsewhere
(Pace et al, 2011).

2.4. Automated clustering to discover metallic fingerprint in NNMs

Clustering analysis was performed, using MATLAB, to identify clus-
ters/groups of NNMs of similar elemental composition and to identify
their mean elemental composition, with the aim to identify unique me-
tallic fingerprints in NNMs. Multi-metal containing NNMs were proc-
essed through a two-stage (e.g., intra- and inter-sample) K-median
hierarchical clustering analysis following the method described else-
where (Mehrabi et al., 2021). First, intra-sample clustering was per-
formed on all metal masses in each NNM to generate clusters that best
account for variance in NNM metallic composition in each sample. Cor-
relation distance, which represents the dissimilarity of NNM composi-
tion to one another, was used as the distance metric for clustering. A
lower correlation distance indicates that the elemental compositions
of two particles are very close to each other and vice versa. This step gen-
erates a cluster dendrogram for each sample, which was divided into
major clusters using a distance cutoff. The distance cutoff was deter-
mined by visually inspecting the dendrogram and through trial and
error in order to minimize the variance/diversity in NNM elemental
composition in the major clusters. A cluster representative was deter-
mined for each major cluster as the median of metal mass in individual
NNMs within each cluster. For each major cluster, the mass fraction of a
given metal in each particle was determined as the mass of that metal
divided by the sum of masses of all metals in that particle. Then, the
mean cluster composition was determined as the mean of metal mass
fraction in all particles in the cluster. Similarly, the elemental ratios
were determined on a particle-per-particle basis and the mean and
standard deviation of elemental ratios were determined by taking into
account all particles that contain the two metals for which elemental
ratios were calculated. Second, inter-sample clustering was performed
on the major cluster representatives identified in the intra-sample
clustering to group/cluster the similar NNM major clusters identified
in the different samples. This step generates a cluster dendrogram for
intra-sample cluster representatives, which was divided into major
clusters using a distance cutoff as performed for the intra-sample
clusters. Finally, heat maps were generated by comparing the number
of NNMs in similar major clusters among the different samples.

3. Results and discussion
3.1. Elemental associations in single particles

The total number of detected, single metal (apparently pure), and
multi-metal (impure) NNMs are presented in Fig. 1. Few metals, Si
and Fe more frequently, were detected as single particles in the blanks
(Fig. 1a). Most of the detected metals in the blanks were single metal
particles (Fig. 1b and d). Contrary, multi-metal containing particles
were rarely detected in the blanks suggesting that all multi-metal con-
taining particles are true NNMs (Fig. 1c, and e).

Elements such as Ti, Fe, Zn, Sb, and Sn occurred dominantly as single
metal NNMs (Fig. 1d). This is likely because natural impurities are
present in Ti, Fe, Zn, Sb, and Sn-rich minerals/particles at low concentra-
tions, potentially below the SP-ICP-MS MDM. Other metals such as V,
Nb, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb, Lu, Hf, Ta, Pb, Th, and U oc-
curred predominantly as multi-metal NNMs (Fig. 1e). This is most likely
because these metals occur as minor constituents in other mineral
phases such as Fe-, Ti-, Ce-, and Zr-containing particles. Other elements
such as Al, Si, Cr, Mn, Ni, Cu, Zr, Ba, La, Ce, W, and Bi occurred as a
mixture of single metal and multi-metal containing particles. These
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Fig. 1. Heat maps illustrating the number of (a) detected, (b) single metal (apparently pure), (¢) multi-metal (impure), (d) % of single metal, and (e) % of multi-metal natural nanomaterials
in three soils in South Carolina. Natural nanomaterials were extracted using ultrapure water (UPW) and sodium pyrophosphate (NasP,07).

elemental associations indicate the possibility to differentiate NNM vs.
ENMs based on particle purity/impurity is limited only to those few
metals that occur predominantly as impure NNMs.

In general, a higher number of total, single metal, and multi-metal
particles were detected for most elements in UPW-extracted suspen-
sions than in Na4P,0-extracted suspensions (Fig. 1a, b, and c). This is
likely due to the increased disaggregation of natural heteroaggregates
in NayP,07-extracted suspensions (Baalousha et al., 2020; Yi et al.,
2020), resulting in the release of small particles (small masses) that
are lower than the SP-ICP-TOF-MS MDM. This observation is supported
by the increase in the Ti and Fe background levels and the dissolved con-
centrations, measured by SP-ICP-MS, in Na4P,0--extracted suspensions
compared with those in UPW extracted suspension (Figs. S1c, 2c and 3).

The discussion below focuses on elemental associations in some of the
most detected multi-metal NNMs including Ti-, Zr-, and Ce-rich NNMs.

Multi-metal Ti-containing particles contained at least one natural
impurity such as Fe, Al, Si, Zr, Nb, Th, Ce, Ba, Mn, Pb, Ni, Zn, La, V, U, Ta,
Nd, Cr, Pr, Cu, and W (Fig. S4), indicating that these particles are most
likely naturally occurring particles. This is in good agreement with the
elemental association between Ti and other elements in natural surface
waters in Lake Katherine in Columbia, South Carolina, United States
(Loosli et al., 2019a). This is also in good agreement with the impurities
(e.g.,Nb, Ta, Sb,W, V, Cr, Mo, and Sn, Zr, Fe, U and Pb) detected in natural
TiO, minerals such as rutile and ilmenite) (Zack et al., 2002; Gaspar and
Wyllie, 1983; Nakashima and Imaoka, 1998). The relative abundance of
Ti particles containing some natural impurities (e.g., Fe and Al) was
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lower in the NasP,07-extracted suspensions compared to those in
UPW-extracted suspensions (Fig. S4a), which can be attributed to the
increased disaggregation or dissolution of the natural impurities in
Nay4P,05-extracted suspensions as discussed above (Baalousha et al.,
2020; Yietal,, 2020). Such processes can occur in natural environmental
systems due to changes in water chemistry such as pH, redox potential,
and natural organic matter, which may impact elemental associations
and ratios in natural particles. However, the relative abundance of
other natural impurities (e.g., Nb and Pb) in Ti-containing particles did
not change as a function of extractant (Fig. S4a). These results indicate
a strong association between Ti and Nb, Ti and Pb, and a weaker associ-
ation between Ti and Fe, and Al within Ti-containing NNMs. Only a few
particles contained Nb, representing <5% of the total number of Ti-
containing particles (Table S2). This is likely due to the low concentra-
tions of Nb in Ti-containing particles, rendering Nb undetectable in
most Ti-containing particles. The concentration of Nb in Ti-containing
particles is 20 to 400 times lower than Ti concentration (Loosli et al.,
2019a). Given the similar ionization efficiency of Ti and Nb in the ICP,
Nb can be detected only in Ti particles with masses 20-400 times the
mass of Nb-MDM by SP-ICP-TOF-MS.

Multi-metal Zr-containing particles contained natural impurities
such as Al, Si, Ti, Fe, Mn, Nb, Ta, Th, U, Hf, Zn, Ni, Cr, Pb, Ba, La, Ce, Nd,
Ho, Tm, Dy, Er, Yb, and Lu (Fig. S4b). These impurities are in good agree-
ment with the impurities reported in ZrO, natural minerals (Fitzpatrick
and Chittleborough, 2002). Zircon (ZrSiO,4) is the most abundant Zr
mineral. Baddeleyite (ZrO,) is the most common of the zirconium ox-
ides, but many less common oxides such as calzirtite and zirconolite
may also occur in soils (Fitzpatrick and Chittleborough, 2002). Hafnium
is a common substituent in zircon, and Y and other REEs also occur at
lower concentrations. Uranium, Th, and Pb are also important minor el-
ements in zirconium oxides. Substituents for Si in tetrahedral sites in-
clude Al, and Fe can also be associated with Zr (Fitzpatrick and
Chittleborough, 2002).

Multi-metal Ce-containing particles were associated with 33 other
elements with La being the most detected element in Ce-containing
particles (Fig. S4c). Multi-metal La-containing particles were associated
with 18 other elements with Ce being the most detected in La-
containing particles (Fig. S4d). These impurities are in good agreement
with the impurities reported in Cerium oxide and Lanthanum oxide
NNMs. For instance, the associations between Ce, La, Pr, and Nd, are con-
sistent with the fact that REE containing minerals are usually dominated
by either other light or heavy rare earth elements (LREEs or REES)
(Haque et al., 2014). In addition to REE species, many minerals contain
high levels of REEs substituting for other cations of comparable radius
and charge. For instance, mosandrite [(Ca, Na);_x(Ca, REE)4TiSi>07)
(OH, F, H,0)4.H,0], apatite [(Ca, REE, Sr, Na)s(P,Si)30;,(F,0F,Cl)],
ewaldite [Ba(Ca,Na,REE)(CO3),-nH,0], and perovskite [(Ca,Na,REE)(Ti,
Nb,Fe)05] commonly incorporate 1-2 x 10° ppm REE in the Ca site in
their structure. Additionally, numerous other minerals may exhibit en-
richment in REEs depending on their crystallization conditions; a few
notable examples include titanite (CaTiSiO40), zircon (ZrSiOy4),
eudialyte (Na—Ca—Mn—Fe—Zr cyclosilicate), pyrochlore [Ca,Na),_x
(NbTi),06(F,0H)], and members of the carnallite group [(Ca,Sr,Ba,Pb)
(AlLFe)3(P0O4)2(0OH)s] (Chakhmouradian and Wall, 2012).

Almost all Nb-containing NNMs (e.g., 95 to 100%, Table S3) were as-
sociated with Ti-containing particles. Similarly, almost all Hf-containing
particles (e.g., 90 to 100%, Table S4) were associated with Zr-containing
particles. This is because Nb and Hf occur almost exclusively in Ti and Zr
minerals at lower concentrations than Ti and Zr, respectively (Craigie,
2018). Zr and Hf are only associated with zircon. Nb, Ti, and Ta are asso-
ciated with titanium minerals such as rutile, anatase, sphene, and/or
opaque heavy minerals (e.g,, titanomagnetite, magnetite, and ilmenite)
(Montano et al., 2014). Natural TiO, minerals (e.g., rutile and ilmenite)
are the dominant carriers (>90-95% of whole rock content) for Nb, Ta,
Sb, and W (Gaspar and Wyllie, 1983; Nakashima and Imaoka, 1998).
Ti and Zr are always detectable in Nb- and Hf-containing particles
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because Ti and Zr occur always at higher concentrations than Nb and
Hf in natural minerals and because Ti, Nb, Zr, and Hf are ionized effi-
ciently (>92%) in the ICP (Chakhmouradian and Wall, 2012). Therefore,
association with Ti and Zr is sufficient to differentiate natural from an-
thropogenic Nb-containing and Hf-containing particles, respectively,
on a single particle basis. Additionally, the strong association of Nb
with Ti and Hf with Zr, suggests that Nb and Hf are good tracers for Ti
and Zr concentration based on total elemental ratios, but not at the sin-
gle particle level as they only account for <5% of Ti- and Zr-containing
particles detected by SP-ICP-TOF-MS.

3.2. Elemental ratios in single particles

The elemental ratios of Ti/Fe, Ti/Al, Ti/Nb, and Ce/La were calculated
in single particles (Fig. 2) and the mean values are provided in Table 1.
For the same soil, the mean elemental ratio of Ti/Fe was higher in the
NayP,0--extracted suspensions than those in the UPW-extracted sus-
pensions (Table 1). This is likely due to the dissolution of iron oxides
in the presence of pyrophosphate at high pH (e.g.,, pH of 10) as observed
elsewhere (Regelink et al., 2013). The elemental ratio distributions of Ti/
Fe follow the same trend in the three soils (Fig. 2a and b), with the ma-
jority (e.g., 67 to 89%) of particles displaying Ti/Fe in the range of 0 to 2.0,
and a small fraction (e.g.,, 10 to 28%, Table S5) exhibiting Ti/Fe > 2.0. Ti
and Fe occur in natural minerals such as: titanomagnetite (Fes_4TixOy,
0 < Ti/Fe < 043, 0 < x < 1) which form a complete solid solution series
between end members of magnetite (Fes0,, Ti/Fe = 0); ulvdspinel
(Fe,TiOy4, Ti/Fe = 0.43); pseudobrookite (Fe,TiOs, Ti/Fe = 0.43); ilmen-
ite (FeTiOs, Ti/Fe = 0.86); pseudorutile (Fe,Ti30q, Ti/Fe = 1.29); and
ilmenorutile and ferropseudobrookite (FeTi,Os, Ti/Fe = 1.71)
(Fig. 2a). The higher Ti/Fe elemental ratios (e.g., Ti/Fe = 2 to 20) can
be attributed to either the aggregation of natural Ti-particles containing
Fe and natural Ti-particles that do not contain Fe, or due to the presence
of Fe-depleted naturally occurring Ti-particles. Fe—Ti oxides might be
subject to alteration or weathering resulting in higher Ti/Fe elemental
ratios (Weibel, 2003). For instance, the alteration of ilmenite occurs
through several intermediate phases, each is successively enriched in ti-
tanium and depleted in iron (increasing Ti/Fe ratio), to an almost pure
form of TiO, (Weibel, 2003; Miicke and Chaudhuri, 1991; Morad and
Adin Aldahan, 1986; Morad, 1986). The alteration of ilmenite results
in the formation of pseudorutile, fine leucoxene, and coarse leucoxene
(leucoxene is a polycrystalline aggregate of rutile) (Weibel, 2003). Dif-
ferences in Ti/Fe ratios between soils may indicate the degree of
weathering of the ilmenite (Fitzpatrick and Chittleborough, 2002).

For the same soil, the mean elemental ratio of Ti/Al calculated was
slightly higher in the NasP,07-extracted suspensions and the UPW-
extracted suspensions (Table 1). The Ti/Al distributions follow the
same trend in the three soils (Fig. 2c and d), with the majority (e.g., 88
to 93%) of particles displaying Ti/Al in the range of 0 to 0.4, and a
small fraction (e.g, 6.6 to 12.5%, Table S6) exhibiting Ti/Al > 0.4. These
Ti/Al elemental ratios are in good agreement with those in natural min-
erals such as: palygorskite and montmorillonite (Ti/Al = 0.014-0.016);
illite (Ti/Al = 0.026); kaolinite and hectorite (Ti/Al = 0.06); vermiculite
and corrensite (Ti/Al = 0.090-0.093) (Fig. 2c). The slightly higher % of
NNMs with Ti/Al > 0.4 in the NayP,07-extracted suspensions than
those in the UPW-extracted suspensions (Table S6) might be attributed
to the increased disaggregation of natural heteroaggregates in the pres-
ence of NayP,0; (Baalousha et al., 2020; Yi et al., 2020).

For the same soil, the mean elemental ratio of Ti/Nb was generally
similar in the Na4P,07-extracted suspensions and the UPW-extracted
suspensions (Table 1). The Ti/Nb distributions follow the same trend
in the three soils (Fig. 2e and f), with the majority (e.g., 83 to 96%) of par-
ticles displaying Ti/Nb in the range of 0 to 400, and a small fraction (e.g.,
4.8 to 17%, Table S7) exhibiting Ti/Nb > 400. The similarity in the Ti/Nb
ratios for the UPW- and the Na4P,05-extracted suspensions is likely due
to the lack of dissolution of Nb or disaggregation of Ti- and Nb-
containing particles under the current experimental conditions. The
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Fig. 2. Elemental ratios at the single particle level in (a, c, e, and g) ultrapure water (UPW)-extracted natural nanomaterial suspensions, and (b, d, f, and h) Na4P,0-extracted nanomaterial
suspensions: (a and b) Ti/Fe, (c and d) Ti/Al, (e and f) Ti/Nb, and (g, h) Ce/La in three soils in South Carolina.

Table 1
Elemental ratios calculated on a single particle basis. Elemental ratios are reported as mean =+ standard deviations (distribution) of the ratios calculated at the single particle level within a
given sample.

UPW NasP,07

Orangeburg Varina Mecklenburg Orangeburg Varina Mecklenburg
Ti/Fe 0.82 + 1.6 122 +£23 1.11 £ 471 136 +£2.3 2.09 £+ 3.40 1.23 + 2.60
Ti/Al 0.15 4+ 0.37 022 4 0.85 0.34 4+ 1.54 024 +0.75 041 + 1.44 0.29 4 0.97
Ti/Nb 218 + 176 268 + 240 356 + 309 223 4+ 185 237 + 200 355 + 328
Ce/La 1.75 £ 0.99 1.89 +1.48 2.09 + 2.20 174 £1.28 1.60 £+ 1.22 1.85 + 1.92
Zr/Hf 352 +31.1 434 4 26.0 - 33.8 +£223 41.6 4+ 223 28.7 + 16.6
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variability in the Ti/Nb among the different soils might be due to 1) nat-
ural variability in Ti and Nb concentrations in the different soils, or
2) the small number of counted particles due to the low Nb content in
Ti containing particles. These results further illustrate the strong associ-
ation between Nb and Ti in NNM.

The mean elemental ratio of Ce/La on a single particle basis was con-
sistent for the three soils and was slightly higher (e.g., 1.75 4+ 0.99 to
2.09 & 2.20) for UPW-extracted suspensions compared to the corre-
sponding elemental ratio (e.g, 1.60 + 1.22 to 1.85 £ 1.92) for
NayP,0--extracted suspensions (Table 1), which might be due to the
disaggregation and/or dissolution of Ce- and La-containing minerals.
The Ce/La distributions follow the same trend in the three soils and
are centered at 1.4 and spans the range between 0.4 and 4 (Fig. 2g
and h). These Ce/La ratios are consistent with those of the average
crustal value, the average riverine particle ratio (2.1 and 2.0, respec-
tively, Table S7), and in naturally occurring REE minerals such as mon-
azite, xenotime, allanite, bastnasite, and others (Murata et al., 1957,
Long et al., 2012).

3.3. Identification and composition of multi-metal particle clusters

For a better understanding of the elemental composition of natural
NNM, multi-metal NNMs were clustered using a two-step hierarchical
clustering. Ten to fourteen multi-metal NNM major clusters were iden-
tified in each soil NNM suspension (Fig. S5). These clusters include Al,
Fe, Ti, Si, Ce, Dy, Zr, Mn, Cr, Pb, Cu, and Zn-containing particles. The
top six clusters were Al, Fe, Ti, Si, Ce, and Ze-rich particle clusters and
accounted for the large majority of multi-metal NNMs (>95% of the de-
tected multi-metal NNMs) in all soil samples (Fig. 3). The mean mass
fraction of each element in these clusters illustrates that these clusters
are typical of aluminum oxides with minor concentrations of Fe and Ti
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(Fig. 4a), iron oxides with minor concentrations of Ti (Fig. 4b), titanium
oxides with minor concentrations of Fe and trace concentrations of Nb
and Th (Fig. 4c¢), clays with minor concentrations of Fe and Ti (Fig. 4d),
LREE minerals (Fig. 4e), zirconium oxides with minor concentrations
of Th, U, Hf, Yb, Er, and Tm (Fig. 4f), and HREE minerals (Fig. 4g). No
striking difference in the elemental composition of these clusters was
observed between the three soil samples, nor as a function of extractant
composition (Fig. 4). Nonetheless, a higher number of particles were de-
tected in most clusters in UPW-extracted suspensions compared to
NayP,07-extracted suspensions (Fig. 3), which can be attributed to the
increased disaggregation or dissolution of the natural heteroaggregates
in NayP,0--extracted suspensions (Baalousha et al., 2020; Yi et al.,
2020), resulting in the release of smaller (lower mass) multi-metal
NNMs, lower than the SP-ICP-TOF-MS MDM. The same NNM cluster
compositions also were observed (data not presented here) in surface
waters in South Carolina including the Congaree and the Edisto Rivers,
representing urban and rural rivers.

Four major clusters accounted for most of Ti- and Fe-containing
particles (e.g., Al—Fe—Ti, Fe—Ti—Ce, Ti—Fe—Nb, and Si—Al—Fe
clusters, Fig. 3). The distribution of Ti/Fe in the individual particles in
each cluster is presented in Fig. 5, together with the mean cluster com-
position. The Ti/Fe ratios in these clusters are consistent with those
ratios in naturally occurring Ti-containing particles such as clay particles
(Si/Al mass ratio = 2.1), aluminum oxides (Corundum is a crystalline
form of aluminum oxide (Al,O3) typically containing traces of iron,
titanium, vanadium and chromium) (Anthony, 1990), titanomagnetite
(0 < Ti/Fe < 0.43), ilmenite (Ti/Fe = 0.86), pseudorutile (Ti/Fe =
1.29), ilmenorutile and ferropseudobrookite (Ti/Fe = 1.71), and altered
pseudorutile (Ti/Fe > 1.71) (Weibel, 2003; Miicke and Chaudhuri,
1991; Morad and Adin Aldahan, 1986; Morad, 1986). In the TiFeNb
cluster, the proportion of particles with Ti/Fe > 3.0 was higher in
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Fig. 3. Heat map of number of multi-metal nanomaterials in each cluster in three soils in South Carolina. Natural nanomaterials were extracted using ultrapure water (UPW) and sodium

pyrophosphate (Na4P,0-).
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Fig. 4. Mean mass fraction of metals in different multi-metal nanomaterial clusters (a) AlFeTi, (b) FeTi, (C) TiFe, (d) SiFeAl, (e) CeLaNd, (f) Zr'ThU, and (g) DyErYb cluster. All data points are
presented as mean 4+ standard deviation of the mass fraction of a given element in individual particles that occur in >10% of all NNMs within a given cluster.

Na4P,07-extracted suspensions than in UPW-extracted suspensions
due to the increased disaggregation of Ti- and Fe-containing NNM
heteroaggregates or dissolution of Fe in Ti- and Fe-containing particles
(Regelink et al., 2013).

Two dominantly REE containing clusters were identified in most
samples, representative of LREEs and HREEs (Fig. 3 and 4e and g). The
LREE cluster contained dominantly Ce, La, Nd, Pr, Ba, Pb, and Th,
whereas the HREE cluster contained Dy, Er, Ho, Tm, Gd, Tb, Th, and U
(Fig. 4e and g). Additionally, REEs occurred in other clusters as trace el-
ements including Si-, Al-, Fe-, Ti-, Zr-, and Mn-rich particle clusters.
These observations are consistent with REE geochemistry. REE-bearing
minerals generally contain most of the REE in varying concentrations
but are usually dominated by either LREEs or HREEs (Haque et al.,
2014; Walters et al., 2011). Thorium, as well as uranium, appear as com-
ponents in many of these minerals (Haque et al., 2014; Ragheb, 2011).

Minerals containing predominantly LREEs include bastnasite, monazite,
allanite, loparite, ancylite, parasite, lanthanite, cheinite, cerite,
stillwellite, britholite, fluocerite, and cerianite (Haque et al.,, 2014). Min-
erals containing predominantly HREEs include gadolinite, xenotime, sa-
marskite, euxenite, fergusonite, yttrotantalite, yttrotungstite, and
yttrialite. In addition to REE species, numerous other minerals may ex-
hibit enrichment in REEs depending on their crystallization conditions;
a few notable examples include titanite (CaTiSiO40), zircon (ZrSiOy),
eudialyte (Na—Ca—Mn—Fe—Zr cyclosilicate), pyrochlore [Ca,Na),_x
(NbTi),06(F,0H)], and members of the carnallite group [(Ca,Sr,Ba,Pb)
(Al,Fe)3(PO4)-(OH)s] (Chakhmouradian and Wall, 2012). The mineral
apatite is generally enriched in the LREEs and the mineral zircon is gen-
erally enriched in the HREEs (Fig. 4f) (Aide and Aide, 2012).

It is also worth noting that predominantly impure metals occurred
as minor elements in other phases. For instance, Nb occurred as a
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Fig. 5. Elemental ratio of Ti/Fe in Ti-containing clusters illustrated for Orangeburg soil (a) UPW-extracted suspensions, and (b) Na4P,07-extracted suspensions. The data was normalized to
the total number of Ti and Fe containing particles. The cluster composition is derived from the mean mass fraction of each element in the cluster that occur in >10% of all NNMs within a

given cluster.

trace metal in Ti-, Al-, Fe-, and Si-rich multi-metal clusters and was al-
ways associated with Ti in these clusters. Pb was detected as a minor el-
ement in Al-, Si-, Fe-, Ti-, Ce-, Min-, and Ba-rich multi-metal clusters.

4. Conclusions

With the advancement of single particle analysis and the develop-
ment of multi-element analysis within a single particle using SP-ICP-
TOF-MS, there is an increased interest in differentiating ENMs from
NNMs on a single particle basis in order to quantify the number and
mass concentrations of ENMs in environmental systems. However,
such analysis requires knowledge of the elemental composition of
NNMs. Here we evaluated the impact of extractant composition
(e.g., UPW vs. NayP,07 at pH 10) on the number concentration and
composition of the extracted NM suspensions. In general, a higher num-
ber of total, single metal, and multi-metal NMs were detected for most
elements in UPW-extracted suspensions than in Na4P,07-extracted
suspensions. However, the elemental composition of the extracted
multi-metal NNMs remained the same for both extractants with small
shifts toward higher elemental ratios for Ti/Fe and Ti/Al in Na4P,05-
extracted NNMs than in UPW-extracted NNMs. Here we identified
NNMs that occur dominantly as single metal particles in natural soils
(e.g., Ti, Fe, Sn, Sb, and Tm); those that occur predominantly as multi
metal NNMs (e.g., V, Nb, Pr, Nd, Sm, Eu, Gd, Tb, Er, Dy, Yb, Lu, Hf, Ta,
Pb, Th, and U); and those that occur as a mixture of single metal and
multi metal NNMs (e.g., Al, Si, Cr, Mn, Ni, Cu, Zn, Ba, La, Ce, W, and Bi).
Consequently, it is possible to differentiate NNMs from ENMs based on
particle purity only for those metals that occur predominantly as im-
pure metals in NNMs. For other elements, other features are necessary
in order to differentiate ENMs from NNMs. We also identified and deter-
mined the mean elemental composition of NNM clusters that accounted
for the large majority of the detected multi-metal NNMs including Al-,
Fe-, Ti-, Si-, Ce-, Zr-, and Dy-rich particles' cluster. Other sporadic NNM
clusters were also identified in the investigated soils. The same trend
in single and multi-metal particle abundances and the same major
NNM clusters identified with the same elemental compositions were
also identified in surface water samples (data not presented here).
These findings serve as baseline information for the differentiation of
ENMs from NNMs in environmental systems.
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