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oxide ENM concentrations in complex environmental samples is based on the increase in the elemental ratios of
ENM-contaminated samples relative to the corresponding natural background elemental ratios. This contribution
evaluated the detection and quantification of Ag, CeO,, and Fe,03 ENMs spiked in synthetic soft, or in natural

Editor: Damia Barcelo river waters using the elemental ratio approach, and evaluated the effect of extractants including sodium hydroxide

(NaOH), sodium oxalate (Na,C,04) and sodium pyrophosphate (Na4P,0) on the recovery of ENMs from the spiked
Keywords: waters. The extracted ENM concentrations were higher in NasP,0,-extracted suspensions than in NaOH- and
Nanomaterial extraction Na,C,04-extracted suspensions due to the higher efficiency of NasP,0; to break up natural and engineered
Nanomaterial characterization nanomaterial heteroaggregates. The size distributions of the extracted suspensions were determined by asymmet-
i;ii?g;f;‘lismnomamrial quantification rical flow-field flow fractionation coupled to inductively coupled plasma-mass spectrometer (AF4-ICP-MS). These

size distribution analysis demonstrated that Ag ENMs were extracted from the spiked river water as both primary
particles and small (<100 nm) aggregates, whereas CeO, ENMs were extracted from the spiked river water as aggre-
gates of particles in the size range 0-200 nm. The number particle size distribution of the extracted suspensions con-
firmed that Ag ENMs were extracted as a mixture of primary and aggregated Ag ENMs. Small Ag ENMs (i.e. <20 nm)
were detected by AF4-ICP-MS, but these particles were not detected by single particle (sp)-ICP-MS due to high size
detection limit of sp-ICP-MS. This study illustrates that the elemental ratio approach is a promising approach to de-
tect and quantify ENMs in surface waters. This study also illustrates the need for a multi-method approach, including
extraction, filtration, AF4-ICP-MS and sp-ICP-MS, to detect, quantify, and characterize ENMs in surface waters.
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1. Introduction

Measuring the concentrations of engineered nanomaterials (ENMs)
in surface waters is essential to evaluate the potential risks, and to cali-
brate and validate ENM fate models (Lead et al., 2018). However, the
current knowledge on environmental concentrations of ENMs is largely
based on ENM fate models which have not been parameterized and/or
validated against field measurements (Baalousha et al., 2016; Nowack
et al, 2015). Currently, few studies reported measured ENM concentra-
tions in environmental systems (e.g., surface waters and soils)
(Gondikas et al., 2014; Loosli et al., 2019a; Reed et al., 2017). For in-
stance, the average concentration of TiO, ENMs in the Old Danube
lake (Vienna, Austria) water during a year period increased from
1.7 ug L™ ! in winter to 27.1 ug L' in summer due to TiO, input from
sunscreens (Gondikas et al., 2014). Low concentrations of TiO, ENMs,
in the range 0f 0.4-110 ng L™, were measured in Clear Creek in Golden,
Colorado during summer due to TiO, input from sunscreens (Reed et al.,
2017). The sparse data on measured ENM environmental concentra-
tions can be attributed to the complexity of ENM analysis in complex
environmental samples. Measuring the concentrations of ENMs in sur-
face waters can be impeded by the low expected ENM concentrations
(e.g,ng L™! toug L~ ! range) in surface waters (Gondikas et al., 2018;
Reed et al.,, 2017); the high background concentration of natural
nanomaterials (NNMs, high pg L~ to mg L™ ! range), often with the
similar elemental composition as ENMs (e.g., CeO,, and TiO,); the simi-
larity of the physicochemical properties (e.g., size and composition) of
ENMs and NNMs; the heteroaggregation of ENMs and NNMs; and the
underdeveloped methodologies to accurately characterize ENMs and
NNMs with sufficient specificity and sensitivity (von der Kammer
etal, 2012).

Among the most promising analytical techniques for the detection
and quantification of metal and metal oxide ENMs at environmentally
relevant concentrations (e.g., ng L' to ug L™') are conventional- and
single particle- inductively coupled plasma-mass spectrometer (sp-
ICP-MS) and asymmetrical flow-field flow fractionation (AF4) coupled
to ICP-MS. These techniques have shown great potential in detecting
ENMs (e.g., Ag ENMs, TiO,, and Fe oxides ENMs) in the aquatic and ter-
restrial environments (Gondikas et al., 2014; Praetorius et al., 2017; von
der Kammer et al., 2012). When coupled with ICP-MS, AF4 measures
element-based particle size distribution, from which elemental ratios
(e.g. Ce/La, Ti/NDb, etc.) can be calculated as a function of particle size
(Baalousha et al., 2006). Thus, AF4-ICP-MS could enable differentiating
ENMs from NNMs based on their size-dependent elemental ratios. Ad-
ditionally, sp-ICP-MS analysis of environmental samples can be of inter-
est to measure particle number concentration and number size
distribution on individual particle basis, and has been implemented
for detection of ENMs in environmental media (Gondikas et al., 2018;
Navratilova et al.,, 2015; Praetorius et al., 2017; Venkatesan et al., 2018).

Most studies investigating ENM detection and quantification sepa-
rated ENMs from the environmental matrices by simple filtration and/
or centrifugation in order to reduce particle polydispersity prior analysis
e.g., by sp-ICP-MS and/or AF4 (Mozhayeva and Engelhard, 2020. How-
ever, sample filtration could lead to underestimation of the total ENM
concentrations in a given sample because of the heteroaggregation of
ENMs with natural particles. Dispersion of ENMs from ENM-natural par-
ticle heteroaggregates into their primary particles or into smaller aggre-
gates (e.g. <100 nm) is thus essential to improve ENM detectability and
quantification (Loosli et al., 2018). Regelink et al. suggested pyrophos-
phate as a more effective extractant to disperse iron oxide NNMs from
soil compared to other extractants (e.g., NaOH and NaCl) (Regelink
et al., 2013). Similarly, we demonstrated that sodium pyrophosphate
is the most efficient extractants compared to sodium hydroxide or so-
dium oxalate to extract NNMs from soils (e.g., clays, iron, manganese,
cerium, and titanium oxides) (Loosli et al., 2018).

This study aims to i) evaluate efficiency of extractants (e.g., sodium
hydroxide, sodium oxalate, and tetrasodium pyrophosphate) to

disperse and extract ENMs from surface water samples spiked with
Ag, CeO,, and Fe;03 ENMs, and ii) evaluate different approaches for
the detection and quantification of ENMs in surface waters including el-
emental ratios following total sample digestion, size resolved elemental
ratios using AF4-ICP-MS, and sp-ICP-MS.

2. Materials and methods
2.1. Synthesis and characterization of Ag ENMs

Ag ENMs were synthesized following a previously reported method
(Romer et al., 2011). Briefly, 400 mL of ultrapure water (UPW, PURELAB
Option-Q, ELGA) was brought to boiling in a glass conical flask. A solu-
tion of 1.69 mL of 58.8 mM silver nitrate was added to the boiling
water followed by 2.92 mL of 34 mM sodium citrate (ACS reagent,
Sigma-Aldrich®, USA), while stirring. Lastly, 2 mL of 100 mM freshly-
prepared sodium borohydride (Purum p.a., Sigma-Aldrich®, USA) was
added drop-wise to the mixture. The mixture was stirred for 15 min
while boiling, then cooled slowly to room temperature while stirring
for 45 min. Afterwards, Ag ENM suspension was cleaned using a Np
gas-pressurized stirred ultrafiltration cell (Amicon®, 3 kDa regenerated
cellulose membrane, Millipore) to remove the excess reagents. During
the cleaning process, Ag ENM suspension volume was reduced to
200 mL and then replenished by 200 mL of 0.26 mM sodium citrate so-
lution. This process was repeated four times to remove excess reagents.

The concentration of the synthesized citrate coated Ag ENMs was
measured by inductively coupled plasma-optical emission spectroscopy
(ICP-OES, Varian 710-ES, USA). The total Ag concentration of the stock
suspension was 23.7 mg L™ . The z-average hydrodynamic diameter
and the zeta potential of Ag ENMs in the stock suspension (e.g.,
0.26 mM sodium citrate at pH 7.0) were determined by dynamic light
scattering (DLS) and laser Doppler electrophoresis, respectively using
a Malvern Zetasizer NanoZS Instrument (Malvern, USA) and are re-
ported as the mean + standard deviation of five replicates.

2.2. Cerium and iron oxide ENMs

CeO, ENMs suspensions were prepared using manufactured
nanopowder supplied by the European Commission's Joint Research
Centre (NM-212) (Singh et al., 2014). Fe,O3 ENMs were prepared by
suspending the manufactured nanopowder purchased from Sigma Al-
drich in UPW. Ce0O, and Fe,03; ENM stock suspensions were prepared
at ENM concentration of 625 mg L™! and were dispersed by sonication
using a bath sonicator for 1 h (Branson Model 2800, 40 kHz, USA).

2.3. Evaluation of different sample preparation for measuring total ENM
concentration

A comparison of three different sample preparation procedure for
measuring total ENM concentration was conducted including: 1) dilu-
tion in UPW, 2) acidification using 2% nitric acid (HNOs, Trace metal
grade, Fisher Chemicals, Canada), and 3) sample digestion using
hydrofluoric acid (HF). Aliquots of Ag, CeO,, and Fe,03 ENM stock sus-
pensions were diluted to 50 pug L~'. ENMs suspensions were sonicated
for 1 h and the elemental concentration of the ENMs were determined
by ICP-OES. For the samples in UPW, ENM suspensions were introduced
directly to the ICP-OES. For the acidification treatment, the ENM suspen-
sions and the 2% HNOs were introduced to the ICP-OES simultaneously
using a T-junction connector to avoid altering ENM stability and thus to
minimize sample losses due to sedimentation prior to injection to ICP-
OES. Total ENM digestion was performed according to the procedure
described in Section 2.6. All measurements were performed in tripli-
cates and all results are reported as mean and standard deviation of
the triplicate measurements.
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2.4. ENM extraction from synthetic soft water

A set of experiments was performed in synthetic soft water
(48 mg L™ ! NaHCOs, 30 mg L™' CaS04.2H,0, 30 mg L™! MgS0,, and
2 mg L~! KCl) (US EPA, 2002) containing 5 mg L~! Suwannee River
humic acid (SRHA, International Humic Substances Society, USA) in
order to evaluate the extraction efficiency of sodium pyrophosphate
(NagP,07, analytical grade, Alfa Aesar, Japan) and sodium oxalate
(NayC;04, analytical grade, Alfa Aesar, China) in a simple media (syn-
thetic soft water) in the absence of interferences from natural particles
containing analogous NNMs and/or metals forming the ENMs. The syn-
thetic soft water solution was prepared following the U.S. Environmen-
tal Protection Agency protocol (US EPA, 2002). A 100 mg L~ SRHA
stock solution was prepared by dissolving 2 mg of freeze dried SRHA
in 20 mL UPW. The pH was adjusted to 7.0 through addition of 0.1 or
1 M NaOH. The SRHA stock solution was filtered through a 100 nm filter
(polyvinylidene difluoride membrane, Millex® Syringe Filter Unit,
Millipore, USA), prior SRHA and ENM spiking into the synthetic water,
to remove any aggregated SRHA molecules that did not fully dissolve
during the preparation of the SRHA stock solution. ENMs (e.g., final con-
centration of 55 ug L™! Ag, Fe and Ce) were spiked in a synthetic soft
water containing 5 mg L~! SRHA and the resulting suspensions were
overhead shaken using a tube rotator (Fisher Scientific, China) at
40 rpm for 24 h. ENMs were extracted by missing 36 mL of the ENM-
spiked synthetic water with 4 mL of the extracting solution (e.g.,
5 mM NaOH, 20 and 100 mM Na,C,04, or 100 mM Na4P,05), resulting
in final ENM concentration of 50 ug L~! Ag, Fe and Ce and final extract-
ant concentrations of: i) 0.5 mM NaOH, ii) 2 and 10 mM Na,C,0,, or iii)
2 and 10 mM Nay4P,05. All final suspensions were adjusted to pH 10
using NaOH where needed, to enhance electrostatic repulsions between
particles, and thus increase particle dispersion. The suspensions were
overhead shaken with a tube rotator (Fisher Scientific, China) overnight
at 40 rpm, followed by 1 h sonication in a bath sonicator (Branson,
Model 2800, 40 kHz, USA). The sonicated suspensions were filtered
using 450 nm syringe filters (polyethersulfone membrane, VWR, USA)
membranes to obtain the size fraction <450 nm. The <100 nm fraction
was obtained by filtering half of the <450 nm filtrates (around 20 mL)
using 100 nm syringe filters (polyvinylidene difluoride membrane,
Millex® Syringe Filter Unit, Millipore, USA). The filtrates (e.g.,
<450 nm and < 100 nm size fractions) were acidified with 2% HNO3
and analyzed by ICP-OES. The dissolved fractions (i.e., the size fraction
<3 kDa) were obtained by centrifugal ultrafiltration using Amicon®
Ultra-4 filtration cartridges at 3 kDa membrane (regenerated cellulose,
Millipore, USA). Samples were centrifuged at 4000 g for 20 min using
an Eppendorf 5810R Centrifuge. Then the dissolved fractions were acid-
ified using 2% HNOs and analyzed by inductively coupled plasma-mass
spectrometry (ICP-MS, PerkinElmer NexION350D, USA).

2.5. NNM and ENM extraction from spiked river water

Two extraction protocols were applied to extract ENMs spiked in
river water. River water sample was collected on October 2017 from
Congaree River formed by the confluence of the Broad and Saluda rivers
at Columbia, South Carolina, USA. The pH and conductivity of the water
measured in situ were 7.8 and 106 pS cm ™' (YSI, Professional Plus Mul-
tiparameter Meter, Xylem, USA), respectively. Element concentration
(Ag, Ce, Fe and La) of the Congaree River water sampled is reported in
Table S1 in the Supporting Information. NMs were also extracted from
the natural river water in the presence of 10 mM Nay4P,0, without
spiked ENMs.

Stock solutions of 23.7 mg L~! Ag ENMs, 625 mg L' CeO, and Fe,05
ENMs, and 100 mM NayP,0; were prepared. Aliquots of ENM stock sus-
pensions were mixed together and diluted in UPW in order to prepare
ENM mixtures at 0.1, 1.0, and 10 mg L~! Ag, Ce, and Fe. Aliquots of
ENM mixtures were spiked in the River water to obtain final ENM con-
centrations of 0, 0.055, 0.55, 55, and 55 ug L~ (as Ag, Ce, and Fe) in the

River water. The mixture of ENMs and river water were stirred for 48 h.
Then, NM were extracted from the ENM-spiked river water by adding
either 1) 4 mL of 100 mM Na4P,0, or 2) aliquots of NaOH to 36 mL of
the ENM-spiked water samples. NaOH was added to adjust the extrac-
tion suspension to pH 10. The resulting mixtures were stirred overnight
at 30 rpm in a tube rotator. Samples were then sonicated for 1 h and fil-
tered with 450 and 100 nm membranes. The dissolved fraction was ob-
tained by centrifugal ultrafiltration of the ENM-spiked waters using
Amicon® Ultra-4 filtration cartridges at 3 kDa membrane (Millipore,
USA) at 4000 g for 20 min. Finally, the <450 and < 100 nm fractions
were HF digested (see Section 2.6 below for details of HF digestion pro-
tocol) and analyzed, in addition to the dissolved fraction, by ICP-MS.

2.6. Sample digestion and elemental analysis

Trace metal concentrations of the extracted <0.45 and < 0.1 um sus-
pensions from the river water (see Section 2.5) were determined by
ICP-MS after digestion. The extracted suspensions were digested in
15 mL Teflon vessels (Savillex, USA) on custom-made Teflon covered
hotplates placed in a box equipped with double-HEPA filtered forced
air in a metal-free HEPA filtered air clean lab. A 5 mL water aliquot
was placed in the vessel and weighted (Mettler Toledo, Excellence
Plus, Switzerland). Samples were dried down at 110 °C and treated
with 1 mL of 30% H,0-, (Fisher Chemical, USA) for 2 h at 70 °C to remove
organic matter. HO, was then evaporated and the samples were
digested with 2 mL of HF: HNOs (3:1) mixture (ACS grade acids distilled
in the laboratory) for 24 h at 110 °C. After evaporation of the acid mix-
ture at 110 °C, the residue was reacted with 1 mL of distilled HNOs to
break up insoluble fluoride salt that may have formed during the sample
digestion and HNO3 was left to evaporate at 110 °C. This step was re-
peated twice before weighing the sample and adding 5 mL of 2%
HNOs. The sample was sonicated for 10 min in a sonication bath
(Branson, 2800, 40 kHz, Mexico) and warmed for 2 h at 50 °C for full dis-
solution. The solution was transferred to 15 mL polypropylene centri-
fuge tubes (Eppendorf, Mexico) and stored at 4 °C. Samples were
centrifuged (Eppendorf, 5810 R, Germany) for 5 min at 3100 g prior
ICP-MS analysis to remove any undigested minerals.

Elemental concentrations of the digested water samples were ana-
lyzed by high resolution ICP-MS (ThermoFisher Element II, USA)
(Frisby et al., 2016). Samples were injected to the ICP-MS using a quartz
cyclonic spray chamber and a 100 pl min~' PFA nebulizer (~120--
150 puL min~" actual uptake). The isotopes measured were >’Fe, 197Ag,
13912 and '°Ce. Elements with potential interferences (e.g., Fe) was
measured in medium resolution (m/Am = 4000), while the rest in
low resolution for maximum sensitivity (m/Am = 300). Concentrations
were calculated against a multi-element standard solution composed of
a mixture of IV-ICP-MS-71A (ICP-MS Complete Standard, Inorganic
Ventures, USA) and ICP-MS-68A-B (68 Element Standard, High-Purity
Standards, USA) multi-element standards.

Full procedural digestion blanks for Fe, Ag, Ce and La averaged 4% of
the analyte signal. Therefore, blanks are insignificant to the calculations
of elemental concentrations or elemental ratios. The elemental concen-
trations of the USGS reference materials BCR-2 and BIR-1 basalts run as
unknowns after digestion following the digestion procedure described
above demonstrate high recovery (approximately 100%) for most ele-
ments, with a precision of 2-3% and accuracy better than 5% for most
elements.

2.7. Estimation of ENM concentration in the extracted suspensions
Due to the low concentration of naturally occurring Ag, the concen-

tration of Ag due to the presence of ENMs in the extracted 100 and
450 nm suspensions was estimated according to Eq. (1)

[Ag] ENMs — [Ag] sample [Ag]background (1)
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where, [Ag]backeround Tepresents the concentration of silver in the river
water without ENM spike.

Due to the occurrence of CeO, as NNMs, the concentration of CeO,
ENM s in the extracted suspensions according to Eq. (2)

CeOaymm Ce
[CeOz ] gnms = Cenm Cesampte —Lasample- La background

)

where, [CeO|gnwvs iS the concentration of CeO, engineered nanoparti-
cles, Cepy and CeO, v are the molar masses of Ce and CeO,, Ce/La is
the mass ratio of Ce to La. Background Ce/La ratios were calculated as
the average of the 0.05 pg L™' CeO, spiked sample extracted with
0.5 mM NaOH and no ENM doping for the extraction with 10 mM
NayP,0-.

2.8. Size-based elemental distributions of the extracted suspensions: AF4-
ICP-MS

Size based elemental distribution of the <0.1 pm extracted suspen-
sions (see Section 2.5) from the ENM-spiked river water was deter-
mined by AF4-ICP-MS. AF4-ICP-MS was performed by coupling Wyatt
AF4 (DualTec Eclipse, Wyatt Technology, USA) with a NexION350D
(Perkin Elmer, USA). All separation experiments on AF4 used a 10 kDa
molecular weight cut-off regenerate cellulose membrane (Superon,
Germany) and 350 pm spacer. Carrier solution used in AF4 channel
was composed 10 mM NaNO; (VWR Analytical, BDH®, ACS, Canada),
0.01% sodium azide (Fisher Chemical, India) and 0.0125% FL-70 (Fisher
Chemical, USA) in UPW. Samples injection volumes were 900 pL with
10 min focus time. The detector flow was set to 1.0 mLmin~" and a con-
stant cross flow of 1 mL min™~! was applied. The elution time was set to
50 min for the water samples. Latex Nanosphere Size Standards
(Thermo Scientific, USA) in sizes of 20, 40, 80, and 150 nm were used
to calibrate particle size vs. elution time under the same experimental
conditions.

Multi-element standards mixture of IV-ICP-MS-71A (ICP-MS Com-
plete Standard, Inorganic Ventures) and ICP-MS-68A-B (68 Element
Standard, High-Purity Standards) diluted in 1% HNOs (Trace Metal
grade, Fisher Chemical, USA) were used for mass concentration calibra-
tion ranging from 0.01 to 100 pg L™ before coupling. Internal standard
(ICP Internal Element Group Calibration Standard, BDH Chemicals, USA)
was monitored at the same time for quality control. A 50 ms dwell time
for all the analytes was applied. Chromera 4.1.0.6386 were utilized to
collect AF4-ICP-MS data. A 20 min 1% HNOs, a 20 min 2% methanol
rinse and a 10 min UPW rinse were applied field-off between each
sample.

2.9. Number size distribution: sp-ICP-MS

Single particle ICP-MS data was collected for Ag ENMs on Perkin
Elmer NexION350D using Syngistix 1.0 data processing software. A
50 ps dwell time was utilized with acquisition time of 60 s. Transport ef-
ficiency was determined by particle size with National Institute of Stan-
dards and Technology (NIST, USA) 60 nm Au ENMs (RM 8013)
following the method previously described by Pace et al. (2011). Dis-
solved gold standards concentrations range from 0 to 20 pg L™}, pre-
pared in 1% hydrochloric acid (HCl, Trace Metal grade, Fisher
Chemical, USA). Dissolved silver standards were prepared in 1% HNOs,
with same concentration range as dissolved gold.

2.10. Transmission electron microscopy

Size distribution analysis of Ag ENMs was performed using transmis-
sion electron microscope (TEM). TEM samples were prepared using
drop deposition method according to the procedure described else-
where (Prasad et al., 2015). Briefly, TEM grids were functionalized

using a positively charged poly-L-lysine (1% w/v in water solution; Ted
Pella, USA) to enhance the attachment of the negatively charged Ag
ENMs on the grid surface. 10 L of poly-L-lysine were deposited on a
300 mesh Cu grid (Ted Pella, Pelco®, USA) for 20 min followed by rins-
ing three consecutive times in UPW water to remove excess poly-L-ly-
sine. Subsequently, 20 L of Ag ENM stock suspension were deposited
on the functionalized TEM grids for 15 min. The excess Ag ENM suspen-
sion was then removed by immersing the TEM grid three times in UPW
to avoid ENM aggregation during the drying process. The TEM grids
were then left to dry for 12 h in a covered petri dish to avoid atmo-
spheric particle deposition on the TEM grid. Samples were analyzed in
a LaBg Jeol 2100 TEM, operated at 200 keV. The particle diameter was
determined using image ] on 165 individual particles, which were
used to construct the particle size distribution histogram and to deter-
mine the mean diameter and standard deviation of the size distribution,
where the standard deviation represents the width of the size
distribution.

3. Results and discussion
3.1. Physicochemical properties of Ag, Fe;0s, and CeO, ENMs

The core diameter of Ag ENMs in stock suspension was determined
by transmission electron microscope (TEM) and single particle-
inductively coupled plasma-mass spectrometer (sp-ICP-MS), and the
z-average hydrodynamic diameter was determined by dynamic light
scattering (DLS). TEM micrograph shows that Ag ENMs are spherical
with most of the particles occurring as individual particles with few ag-
gregated particles (Fig. 1a). The number particle size distribution of Ag
ENMs measured by TEM (Fig. 1b) shows that the size of primary Ag
ENMs varies between 3 and 20 nm, for the 160 particles analyzed,
with the majority (e.g, 61%) of Ag ENMs being smaller than 7 nm and
with a tailing toward larger sizes. The mass-based particle size distribu-
tion, calculated by converting the number-based particle size distribu-
tion measured by TEM to mass-based size distribution, show a
bimodal mass-based size distribution of Ag ENMs with a peak of small
Ag ENMs centered at 8-9 nm and a peak of larger Ag ENMs centered
at 17-18 nm. The mean number- and mass- equivalent circular diame-
ters of Ag ENMs determined by TEM were 6.7 + 3.3 nm and 11.7 +
4.1 nm, respectively. The number particle size distribution of Ag
ENMs, measured by sp-ICP-MS (Fig. 1c), displays a monomodal particle
size distribution centered at 24 nm. The number mean equivalent
spherical diameter determined by sp-ICP-MS was 23.1 4 3.7 nm. The
larger number mean size determined by sp-ICP-MS compared to the
number mean size determined by TEM is due to the size detection
limit of sp-ICP-MS (Lee et al., 2014); that is 18 nm for the sp-ICP-MS
configuration used in this study. Thus, Ag ENMs <18 nm in diameter
were not measured by sp-ICP-MS, resulting in a bias of the sp-ICP-MS
determined number size distribution toward larger particle sizes rela-
tive to the TEM determined number size distribution. The z-average hy-
drodynamic diameter, polydispersity index, and the zeta potential of Ag
ENMs in the stock suspension (e.g., in 0.26 mM sodium citrate at pH 7)
were 22.4 £+ 0.3 nm, 0.15, and —42.8 4 1.3 mV, respectively. The z-
average hydrodynamic diameter of Ag ENMs was greater than the num-
ber mean diameter determined by TEM, but it was in good agreement
with the number mean diameter determined by sp-ICP-MS. These dif-
ferences are attributed to the differences in the measurement principles
of the different techniques, the weighting of the size distribution, and
the determined size measured as discussed elsewhere (Baalousha and
Lead, 2012). Briefly, DLS measures the intensity-weighted hydrody-
namic diameter, which is typically larger than the number-weighted
core diameter measured by TEM, except for highly monodispersed
ENMs (e.g., PDI<0.05) (Baalousha and Lead, 2012). The good agreement
between intensity-weighted z-average hydrodynamic diameter and the
number-weighted core diameter measured by TEM is rather unex-
pected, but can be attributed to the bias in the number-weighted
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Fig. 1. (a) Transmission electron microscopy (TEM) micrograph and (b) particle size distribution of Ag ENMs based on TEM micrograph analysis of 160 particles, and (¢) number particle
size distribution measured by single particle-inductively coupled plasma-mass spectroscopy (sp-ICP-MS) of 5500 particles.

measured core diameter by sp-ICP-MS toward larger values due to the
sp-ICP-MS detection limit of 18 nm for Ag ENMs.

The primary number mean core diameter of CeO, ENMs in the stock
suspension, measured by scanning electron microscopy (SEM), was
28.4 + 104 nm (Singh et al., 2014). The z-average hydrodynamic diam-
eter of CeO, ENMs in the stock suspensions was 325 + 77 nm and de-
creased to 214 4+ 8 in 0.5 mM NaOH at pH 10. The primary particle
core diameter of Fe,03 ENMs, determined by Brunauer-Emmett-Teller
(BET) surface area analyzer, according to the supplier information was
<50 nm. The z-average hydrodynamic diameter of Fe,03; ENMs in the
stock suspensions was 305 4+ 60 nm decreased to 230 4+ 10 in
0.5 mM NaOH at pH 10. The larger z-average hydrodynamic diameters
of CeO, and Fe,03 ENMs in the stock suspensions compared to their pri-
mary particle size suggest that they readily formed aggregates in the
stock suspensions as demonstrated previously in numerous studies
(Baalousha et al., 2012; Domingos et al., 2009). The smaller z-average
hydrodynamic diameters at pH 10 compared to those measured in the
stock suspension suggest that raising the suspension pH break CeO,,
and Fe,0; ENM aggregates into smaller aggregates, but does not fully
break them down to primary particles (Loosli et al., 2018).

3.2. Evaluation of sample preparation for measurement of ENM concentra-
tion by ICP-OES

Fig. 2 shows the total concentration of ENMs measured by ICP-OES
following different sample preparation procedure (e.g., dilution in
UPW, acidification by HNOs, and HF digestion) normalized by the nom-
inal ENMs concentrations in the samples. HF digestion resulted in mea-
suring 99.9 4+ 0.9%, 80.1 & 3.1%, and 82.4 4+ 4.0% of nominal
concentrations of Ag, CeO,, and Fe,03; ENMs, respectively. The high re-
covery of Ag ENM:s is likely due to their high stability and thus the

homogeneity of the sample, reducing any error during sample prepara-
tion (e.g, pipetting, dilution and digestion). The lower recovery of CeO,
and Fe,03 ENMs compared to Ag ENMs might be attributed to losses of
Ce0, and Fe,03 ENMs during sample preparation (e.g., pipetting,
weighting, and dilution, and digestion), or to the inhomogeneity in
the CeO, and Fe,05 ENM suspensions due to their aggregation. Thus,
the measured rather than nominal concentrations of Ag, CeO,, and
Fe,03 ENMs are reported in all results below to avoid misrepresentation
of the actual experimental concentrations, which could be lower than

100 ~ W HF-digested
B Acidified
80 A mUPW
S
= 60 -
[
3
o 40 -
(]
o
20 +
0 -

Ag

CeO,
Engineered Nanomaterials

Fe,0,

Fig. 2. Recovery (%) of the measured ENM concentrations compared to nominal
concentrations. All elemental analyses were performed using inductively coupled
plasma-optical emission spectroscopy (ICP-OES).
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the nominal concentrations due to sample losses during sample prepa-
ration (e.g., pipetting, weighting and dilutions). The concentration of
ENMs measured with acidification using 2% HNOs5 or without acidifica-
tion using UPW were slightly lower than those measured following HF
digested. Acidification using HNOs resulted in measuring 83.9 + 1.8%,
58.7 4+ 5.7%, and 66.1 4+ 10.4% of nominal concentrations of Ag, CeO,,
and Fe,03 ENMs, respectively. The measured ENM concentrations fol-
lowing dilution in UPW were 95.4 4 2.9%, 64.4 & 2.3%, and 66.3 +
0.6% of nominal concentrations of Ag, CeO,, and Fe,03 ENMs, respec-
tively. Thus, HF digestion is recommended prior to ICP-OES and ICP-
MS analysis to ensure a correct quantification of the total metal concen-
tration. These findings are in agreement with previous studies demon-
strating that acid digestion is a more accurate compared to
acidification and dilution in UPW for total elemental analysis
(Fabricius et al., 2014).

3.3. Extraction of ENMs in synthetic soft water

The % of the extracted Ag ENMs, in comparison to the amount of the
spiked ENM (50 pug L™ 1), in the <450 nm and < 100 nm size fractions
were 77.6-101.1% for all extraction procedures (Fig. 3). Ag ENMs used
in this study were lab synthesized small ENMs with a z-average hydro-
dynamic diameter of approximately 22.4 4+ 0.3 nm and a high zeta po-
tential of —42.8 + 1.3 mV (See Section 3.1). The high recovery of Ag
ENMs in the <450 and < 100 nm size fractions indicates their stability
and thus homogeneity in synthetic soft water. For the 0.5 mM NaOH ex-
traction, the slightly low % Ag ENMs in the <450 nm and < 100 nm (ca.
93 4 1.9 and 86 + 4.9, respectively) in synthetic soft water is likely due
to the slight aggregation of Ag ENMs. Although soft water is a low ionic
strength media, the concentration of divalent counter ions in the syn-
thetic soft water is 0.6 mM, which may result in the aggregation of Ag
ENMs in reaction limited aggregation regime and thus the formation

a 120 H 0.5 mM NaOH
2mM Na,C,0,
100 - ) 10mM Na,C,0,
9 80 - -
g 60 -
o
3 |
v 40 i
20 ~
0 - T T
Ag CeO, Fe,0,
Engineered nanomaterials
c 120 - B 0.5 mM NaOH
® 2 mM Na,P,0,
100 H 10 mM Na,P,0,

80

60

<450 nm (%)

40

20

Ag CeO,
Engineered nanomaterials

Fe,0;

of small Ag ENM aggregates (Baalousha et al., 2013), which may be re-
moved during the filtration process. For the oxalate (Na,C;04) extrac-
tion, the % Ag ENMs in the <450 nm and < 100 nm fractions were
either not statistically different or slightly lower, at 10 mM NayC;04,
than the corresponding % Ag ENMs in the corresponding fractions in
the 0.5 mM NaOH-extracted suspensions. For the pyrophosphate
(Na4P,07) extraction, the % Ag ENMs in in the <450 and < 100 nm frac-
tions were either not statistically different or slightly higher than the %
Ag ENMs in the corresponding fractions in the 0.5 mM NaOH-extracted
suspensions and higher than those measured in the Na,C,0,4 extraction.
Na,C,04 enhances the aggregation of Ag ENMs in particular at high
Na,C,04 concentrations; whereas, NasP,0; enhances the stability of
Ag ENMs by enhancing ENM surface charge and sequestering divalent
cations from the suspension (Loosli et al., 2018).

The %, CeO, and, Fe;03 ENMs in 0.5 mM NaOH-extracted suspen-
sions were 74.2 4 3.7 and 50.3 &+ 14.1% in the fraction <450 nm and
34.6 + 3.4 and 8.3 % 1.1% in the fraction <100 nm, indicating the poor
extraction of these ENMs using 0.5 mM NaOH due to their aggregation
in synthetic soft water, even in the presence of 5 mg L~! SRHA
(Oriekhova and Stoll, 2016; Ramirez et al., 2019). CeO, and Fe,03
ENMs used in this study are commercially available powders which
readily form aggregates when suspended in UPW as discussed above
(Loosli et al., 2018; Rasmussen et al., 2014; Singh et al., 2014). For the
Na,C,04 extraction, the % ENM concentrations remained nearly con-
stant at 2 mM Na,C,0,4 and decreased at 10 mM Na,C,04 compared to
those measured in the 0.5 mM NaOH-extracted suspensions (Fig. 3a
and b). Na,C,04 has been shown to induce ENM (e.g., TiO, and other)
aggregation and to be insufficient to break clay-ENM heteroaggregates
(Loosli et al., 2018). The lower % ENM extracted at higher Na,C,0,4 con-
centration, except for the <100 nm Fe,03, which remained constant
with the increase in Na,C,04 concentration, is likely due to the in-
creased ENM aggregation with the increase in Na,C,0,4 concentration.

b 120 ¥ 0.5 mM NaOH
2 mM Na,C,0,
100 - 10mM Na,C,0,
g 80 -
g 60 -
o
a
v 40 A ]
20 I 1 ,
gz
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Ag CeO, Fe,0,
Engineered nanomaterials
d 120 4 B 0.5 mM NaOH
M 2 mM Na,P,0,
100 m 10 mM Na,P,0,
g 80
E 60
o
=
v 40
20
0

Ag CeO,
Engineered nanomaterials

Fe,0,

Fig. 3. Concentration (%) of extracted Ag, CeO, and Fe,03 ENMs from a synthetic soft water containing 5 mg L' Suwannee River humic acid (SRHA)-spiked with ENMs (50 pg L' of Ag, Ce
and Fe, respectively) compared to their corresponding total concentration spiked in the soft water as a function of extraction treatment and extracted ENM size cutoff: (a) oxalate
(NayC,04)-extracted ENMs <450 nm, (b) Na,C,04-extracted ENMs <100 nm, (c) pyrophosphate(NasP,07)-extracted ENMs <450 nm, and (d) Na4P,0--extracted ENMs <100 nm. All
elemental analyses were performed using inductively coupled plasma-optical emission spectroscopy (ICP-OES).
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For Na4P,0, extraction, the % ENM concentrations in the <450 nm
and < 100 nm fractions were significantly higher than those measured
in the corresponding size fraction in the 0.5 mM NaOH-extracted sus-
pensions. Pyrophosphate sorbs on the surfaces of ENMs and enhances
the breakup of ENM aggregates into smaller aggregates and/or primary
ENMs. For a given ENM, the % ENM concentrations in the <450 nm frac-
tion was significantly higher than those in the <100 nm fraction, sug-
gesting that a significant fraction (e.g., 30-50%) of ENM aggregates
occur in the size range 100-450 nm. The % of ENM in the <450 nm
(Fig. 3a vs. ¢) and < 100 nm (Fig. 3b vs. d) fractions are higher in the
Na4P,07-extracted EMMs compared to the Na,C,04-extracted ENMs in-
dicating the higher efficiency of Na4P,0; to break ENM aggregates to
smaller sizes. Thus, NayP,0- is more suitable to extract ENMs than
Na,C,04. Nonetheless, disaggregation of ENM - particularly commercial
powder-type ENMs - into their primary particles (e.g., < 100 nm) re-
mains challenging due to the strong interaction forces between the pri-
mary ENMs (Taurozzi et al., 2012). It is therefore critical to consider
ENM aggregation behavior when measuring total ENM concentration
in environmental systems as the majority of ENMs form aggregates in
natural systems. Thus, the <100 nm size fraction - even with the most
efficient extraction protocol - is likely to represent only a small fraction
of the total ENM concentration in any environmental system.

3.4. Extraction of ENMSs from spiked river water

The concentrations of Ag, Ce, and Fe, used as a proxy for Ag and CeO,
and Fe,03 ENMs, in the extracted suspensions from ENM-spiked river
water are presented in Fig. 4. The concentration of Ag and Ce in the dis-
solved fraction for both 0.5 mM NaOH and 10 mM Na4P,07-extractions
were <0.1 and 0.15 pg L~ for all extractions and for all spiked ENM con-
centrations indicating that the large majority of Ag and Ce were ex-
tracted in the form of NMs and that NasP,0- did not increase the
dissolution of Ag and CeO, ENMs within the extraction time used in
this study. The concentration of Fe in the dissolved fraction in the

0.5 mM NaOH extracted suspension was <2.7 ug L~' and in the
NayP,07-extracted suspensions was 74-80 g L~! indicating that
Na,P407 results in the extraction of high concentrations of dissolved
Fe and/or the dissolution of iron oxide particles (ENMs and NNMs).
Regelink et al., reported the formation of metal (e.g. iron)-pyrophos-
phate complexes during iron based NM extraction from soils using
Na,4P,0; with a significative formation of polymeric-iron complexes
eluting at the beginning (e.g., corresponding to <1.6 kDa cutoff) of the
AF4 run (Regelink et al., 2013).

The concentration of Ag in the extracted suspensions was below or
close to the detection limit (e.g., 15 ng L™!) for the 0.05, 0.5, and
5 ug L' ENM spiked river water samples, possibly due to the
heteroaggregation of Ag ENMs with natural particles and their removal
during the filtration process (Wang et al., 2015). For the 50 ug L™' ENM
spiked river water samples, the concentration of Ag in the extracted sus-
pensions was not higher and/or even lower in the <450 nm fraction
than in the <100 nm fraction. Similar Ag concentrations in both size
fractions may be due to the narrow size distribution of the Ag ENMs
with particle sizes being smaller than 100 nm (Fig. 1) whereas the
slightly higher Ag ENM concentration in the <100 nm fraction, for
NayP,05 -extracted suspensions, may arise from the non-homogeneity
and high polydispersity of the size of natural colloids and other particu-
late matters in natural waters (Baalousha et al., 2006). Indeed, some of
the heteroaggregates formed between Ag ENMs and natural particulate
matters will be removed during filtration processes and higher propor-
tion (e.g., >80%) of Ag ENMs form heteroaggregates with sizes larger
than the first filtration membrane pore size (e.g. >450 nm). The concen-
tration of dissolved Ag (e.g. <3 kDa) represents <0.2% of the 50 ug L™
spiked Ag which is in good agreement with a previous study which in-
vestigated the dissolution of citrate-coated Ag NM in natural waters (Li
and Lenhart, 2012). The concentration of Ce was generally higher in the
<450 nm fraction than in the <100 nm fraction which can be attributed
to the broader size distribution and higher mode value for CeO, ENMs
than for Ag ENMs. This results in the removal of an additional fraction
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analyses were performed using inductively coupled plasma-mass spectroscopy (ICP-MS).
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of CeO, ENMs during the second separation process (filtration
<100 nm). The concentration of Ce in the NasP,0;-extracted suspen-
sions from ENM-spiked river water are generally higher than those in
the unspiked river water sample for both the <100 and < 450 nm size
fractions. Additionally, the concentrations of CeO, ENMs extracted in
both size fractions using 10 mM Na4P,0- is the same as the concentra-
tions of CeO, ENMs extracted in the synthetic soft waters (e.g., 80 and
60% for the <450 and <100 nm fractions, respectively). The similar re-
covery of CeO, ENMs in NayP,0- for both river and synthetic water
may be attributed to the lower binding energy between CeO, ENMs
and natural colloids and/or higher affinity of pyrophosphate for CeO,
in comparison to Ag ENMs. These results indicate that CeO, ENMs
were likely extracted as a mixture of primary ENMs and aggregates of
ENMs. NayP,07 braks ENM-natural particle heteroaggregates (Loosli
et al., 2019b) into smaller aggregates and/or into primary particles;
thus, the higher concentrations of ENMs in the NayP,07-extracted sus-
pensions. The concentrations of Fe in the Na4P,05 extracted suspensions
were higher than those in the 0.5 mM NaOH extracted concentrations.
However, the concentrations of Fe in the extracted suspensions did
not show any trend with the increase in the spiked Fe,03 ENM concen-
trations. This is likely due to the high concentration of iron oxide NNMs
in surface waters, which dominates the relatively low spiked Fe,03 ENM
concentrations. The detectability and quantification of Fe,O3 ENMs in
the river water, under the present experimental conditions, were thus
not enhanced by the NasP,0; extraction.

3.5. Concentration of Ag and CeO, engineered nanomaterials in the river
water

The concentration of Ag in the unspiked river water sample was
below the detection limit. The dissolved Ag in the river water from Ag
ENMs represents a small fraction (e.g,, < 0.2 wt%) of the total spiked
Ag ENM concentrations (Fig. 4a). Thus, the measured Ag concentrations
can be used as a direct measure of Ag ENM concentrations in the river
water. The Ag ENM recovery was generally low and varied between 5
and 15%.

The concentration of Ce in the extracted river water sample in the
absence of spiked ENMs were low (e.g,, < 0.15 pg L™'). Thus, the mea-
sured Ce concentrations in the ENM-spiked river waters can be attrib-
uted to CeO, ENMs. Nonetheless, as a proof of concept to the
application of the Ce/La elemental ratios to calculate CeO, ENM concen-
trations, the Ce/La ratio was calculated as a function of the spiked ENM
concentrations to evaluate the possibility of detecting CeO, ENMs in
river water based on the increase in Ce/La ratio due to the introduction
of pure CeO, ENMs. The Ce/La in the extracted suspensions increased
with the increase in the spiked-CeO, ENM concentration (Fig. 5a) for
both NaOH- and Na4P,0--extracted suspensions, indicating the increase
in the concentration of extracted CeO, ENMs with the increase in the
spiked CeO, ENM concentrations. The Ce/La ratio was lower in the
Nay4P,07-extracted suspensions than in the NaOH-extracted suspen-
sions, likely due to the extraction of higher concentration of CeO,
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Fig. 5. (a) Ce/La elemental ratio for the extracted fractions, (b) the calculated CeO, concentrations in the river water using elemental ratios and total Ce concentration, and (c) the %
recovery of CeO, ENMs from surface water spiked with CeO, ENMs. The baseline Ce/La of the unspiked water sample was used as the baseline to estimate CeO, ENM concentrations.
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NNMs. Nonetheless, the concentration of CeO, ENMs in the
pyrophosphate-extracted suspensions was higher than those measured
in the 0.5 mM NaOH-extracted suspensions (Fig. 5b) for both the <450
and < 100 nm extracted suspensions.

The CeO, ENM concentration in the extracted <450 nm suspensions
is higher than those in the extracted <100 nm suspensions (Fig. 5¢). The
CeO, ENM concentrations in the NayP,07-extracted <450 nm
and < 100 nm fractions represent approximately 80% and 60% of the
total spiked CeO, ENM concentrations at the highest spiked CeO, ENM
concentration. The CeO, ENM recovery is lower at lower spiked ENM
concentrations, which might be due to the lower elemental ratios, and
thus the higher error in estimating CeO, ENM concentrations based on
elemental ratios at low CeO, ENM concentrations. These results suggest
that the majority of the extracted CeO, ENMs occurred in sizes <100 nm
and that only 20% of the CeO, occurred as aggregates >450 nm in size.
The higher recovery of CeO, ENMs (e.g., 40-60%) than that of Ag
ENMs (e.g., 5-15%) might be attributed to the higher affinity of pyro-
phosphate to CeO, than Ag ENMs.

3.6. Size distribution of engineered nanomaterials extracted from river
water

Fig. 6a-b shows Ag and CeO, ENM size distributions of the <100 nm
NayP,0; extracted suspensions measured by AF4-ICP-MS. The size dis-
tribution of Ag ENMs ranges from 0 to 60 nm with a bimodal size distri-
bution with a first peak centered at 6 nm and a second peak centered at
17 nm. These sizes are in good agreement with the mass-based primary
particle size distribution of Ag ENMs calculated from the number-based
size distribution determined by TEM (Fig. 1), suggesting that the size
distribution of extracted Ag ENMs is representative of the original Ag
ENM:s. Higher concentration of Ag ENMs in the Na4P,07-extracted sus-
pensions in comparison to NaOH-extracted suspensions (SI, Fig. S1a)
indicates the higher recovery of Ag ENMs in presence of NasP,05, in
good agreement with the total metal concentration data presented
above (Fig. 4a).

The concentration of Ce in the 0.5 mM NaOH-extracted NMs was
very low and was not detectable by AF4-ICP-MS (SI, Fig. S1b). The con-
centration of Ce in the Na4P,05-extracted suspensions (Fig. 6b) was
generally higher than those measured in 0.5 mM NaOH-extracted sus-
pensions and increased with the increase in the spiked CeO, ENM con-
centrations in good agreement with the increase in the total CeO, ENM
concentration measured by total digestion (Fig. 5¢). The cerium and lan-
thanum concentrations were very low in the 0.5 mM NaOH-extracted
suspensions, and thus it was not possible to calculate the Ce/La ratio
(SI, Fig. S1c). For Na4P,0--extracted suspensions, the Ce/La ratio
(Fig. 6¢) increased with the increase in the spiked CeO, ENM concentra-
tions, a clear indication of the increased concentration of CeO, ENMs in
the extracted suspensions. The size distribution of CeO, ENMs varied
between 10 and 200 nm with 70.5% of the CeO, particles in the size
range < 100 nm, indicating that the extracted CeO, ENMs were a mix-
ture of primary ENMs and homo/heteroaggregates of CeO, ENMs, fur-
ther confirm that Na4P,0; improves the dispersion of CeO, ENMs.

The number size distributions of Ag ENMs extracted from River
water using 0.5 mM NaOH and 10 mM Na4P,0; measured by sp-ICP-
MS are presented in Fig. 7. The number size distribution of the extracted
Ag ENMs is similar to that of the Ag ENM stock suspension (Fig. 1c). The
mean number size of Ag ENMs was 28 + 5 nm and 25 4+ 4 for the
0.5 mM NaOH and 10 mM Na4P,0;-extracted ENMs. The mean sizes
measured by sp-ICP-MS are larger than those measured by AF4-ICP-
MS, which can be attributed to the sp-ICP-MS detection limit of 18 nm
for Ag ENMs. The mean size of Ag ENMs is very close to the size detec-
tion limit of Ag ENMs by sp-ICP-MS and the size distribution shows a
non-Gaussian distribution indicating that some small Ag ENMs were
possibly measured as dissolved ions. Thus, the mean sizes reported
here are higher than the actual (measured by TEM) mean size of Ag
ENM:s.
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Fig. 6. Size-based hydrodynamic diameter of the <100 nm Na4P,0;-extracted suspensions
from ENM-spiked river waters for (a) Ag, (b) Ce and (c) Ce/La elemental ratios.

4. Conclusions

This study presents a protocol to extract ENMs from surface water-
spiked with ENMs, which can be applied to analyze ENMs in natural en-
vironmental samples. The Na4P,0, extraction resulted in higher recov-
ery of Ag and CeO, ENMs than that obtained for the 0.5 mM NaOH
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Fig. 7. Number particle size distribution of the Ag ENMs extracted from ENM-spiked river
waters using 0.5 mM NaOH and 10 mM NayP,0-,. The number particle size distribution
was measured by SP-ICP-MS. Ag ENM concentration was 5 pug L.

extraction, due to the higher efficiency of Na4P,0 to break up natural
and engineered NM heteroaggregates. The concentration CeO, ENMs
were generally higher in the colloidal fraction (< 450 nm) compared
to the nanofraction (< 100 nm). This indicates the extraction of CeO,
ENMs as primary particles and as small heteroaggregates. Ag ENMs
were also extracted as a mixture of both primary particles and aggre-
gates but Ag concentrations remain similar in both the <450 nm
and < 100 nm size fractions. The size distribution of the extracted
ENMs was measured by AF4-ICP-MS and sp-ICP-MS. The size distribu-
tion of extracted Ag ENMs was in agreement with their corresponding
size distribution in the stock suspension and confirms that the extracted
Ag ENMs were a mixture of primary and small aggregates. The size dis-
tribution of the extracted CeO, ENMs ranged from 0 to 200 nm. The ad-
vantage of AF4-ICP-MS compared to sp-ICP-MS was in measuring the
smaller Ag ENMs (ca. < 18 nm), which were not detected by sp-ICP-
MS due to the size detection limit of sp-ICP-MS. Thus, AF4-ICP-MS fills
a major gap for the detection of small ENMs and is a method of choice
to complement the ENM characterization in complex environmental
samples in addition to sp-ICP-MS and total digestion analyses.
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