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Colloids and nanoparticles in solid phase environmental matrices (soils, sediments, sludges) are widely
heterogenous and polydisperse, which complicates their sampling and characterization by bulk analysis
techniques. Indeed, techniques based upon single particle measurements are better equipped for
identifying important, but low frequency, properties or characteristics which are needed to understand
the function of environmental colloids. In this study, a continuous flow extraction assisted by ultrasound
was used to sample colloidal particles from several solid matrices. The high sensitivity of a sector field
ICP-MS and the quasi-instantaneous, multi-isotope measurements of a time-of-flight ICP-MS were
combined to enable the characterization of colloidal particles extracted from soils, sediments and
sludges. Single particle (SP) analysis of the particle leachates using the sector field instrument (SP-ICP-
SF-MS) led to the detection of larger numbers (up to 6800x) of Mg-, Al-, Si-, Ca-, Ti-, Fe-, and Ba-
containing particles than measured by single particle time-of-flight ICP-MS (SP-ICP-ToF-MS), largely due
to the different size detection limits of the techniques, i.e. ca. 16 nm by SP-ICP-SF-MS and 76 nm by SP-
ICP-ToF-MS, when measuring aluminosilicates. Despite the limitation of SP-ICP-ToF-MS in detecting
smaller particles, the technique was successfully used to identify mineral phases of illite, vermiculite, and
smectite based on elemental ratios in the individual particles. The multi-isotope capability of the SP-ICP-
ToF-MS was also used for the determination of isotopic ratios in both individual particles and bulk
digested leachates. Mean 2°°Pb/?°’Pb ratios in the particles extracted from the solid phase samples
deviated from measurements obtained from bulk digestions by 1.2-5.9%, indicating the potential of the
SP-ICP-ToF-MS to perform such measurements. SP-ICP-SF-MS and SP-ICP-ToF-MS were
complementary for obtaining insight into the composition and particle size distributions of the colloids
and nanoparticles. Specifically, neither technique gave the complete particle size distribution due to their
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1. Introduction funfttion :emd ecological ri‘sk c.jm be important. i.f they are
enriched in components with high suspected toxicity (e.g. As,
Nanoparticles (NP) and colloidal particles (CP) are omnipresent Pb, Cd). In that context, bulk measurement techniques are
in the environment, arising from both natural processes and useful for providing information on the overall (average)
anthropogenic activities. In soils, these particles play an composition of a bulk sample, but they cannot distinguish
important role in the mobilization of both nutrients and individual particle types (e.g. 1 pure Fe particle in 100 cannot be
contaminants. Furthermore, particle size is recognized as a key ~distinguished from a population of particles containing 1% Fe).
factor governing particle fate and behavior, with the smallest ~Furthermore, a single 1 um particle will have the same mass as
particles playing a key role in particle mobility and bioavail- 10° NP (10 nm), but arguably a very different environmental
ability.? In soils and sediments, particles are polydisperse*>* and risk. For these reasons, single particle techniques, providing
while the smallest particles might contribute minimally to both particle size distributions and single particle compositions
overall particle mass, their contribution to environmental should be able to provide much better insight into the function
and risk associated with solid phase environmental particles.

, . . ) ] . Single particle inductively coupled plasma mass spectrom-
Biophysical Environmental Chemistry Group, Department of Chemistry, University of SP ICP-MS) i lativel hni h 1L f h
Montreal, 1375 Ave. Thérese-Lavoie-Roux, Montreal, H2V 0B3, Canada. E-mail: kj. etrY( ) B ) 1s a re atlve.y new tec ) nlgue thata OYVS or the
wilkinson@umontreal.ca; Fax: +1-514-343-7586; Tel: +1-514-343-6741 analysis of metallic constituents within nanoparticles and
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colloids®® on a particle-by-particle basis. Quadrupole and
magnetic sector based ICP-MS are typically limited to
measuring one or two elements per particle, complicating the
analysis of chemical complex solid phase particles. While
a multi-collector ICP-MS (MC ICP-MS) can allow for the simul-
taneous measurement of multiple elements, it is contingent
upon prior knowledge of the specific elements present.'**?
Single particle inductively coupled plasma time-of-flight mass
spectrometry (SP-ICP-ToF-MS) has the capacity to provide
comprehensive analysis without the need for pre-defined
elements, making it a powerful tool for the detection and
characterization of natural colloids and nanoparticles.**** SP-
ICP-ToF-MS can measure most elements in small particles
(~30 nm-2 pm) concurrently, allowing for the measurement of
elemental and isotopic ratios of individual NP and CP. In spite
of the obvious advantages of the SP-ICP-MS techniques, there
are several difficulties associated with the measurement of
chemically heterogeneous and polydisperse natural samples
(soils, sediments, sludges) by SP-ICP-MS. For example, the
composition of small particles can be difficult to distinguish
from dissolved (background) metals. Furthermore, it can be
difficult to distinguish small numbers of particles that are
important to environmental function from the much more
common major elements (e.g. aluminosilicates, metal oxides
and phosphates).

In order to accurately characterize colloidal particles in soils,
effective extraction methods are crucial. Regelink et al.** tested
a number of extracting agents to isolate nanoparticles from soil,
while Baur et al.** employed surfactant assisted extraction to
recover nanoparticles from a road runoff sediment. Li et al*
explored the use of an ultrasound probe to batch-extract colloidal
particles from soils, which favoured the extraction of large
amounts of smaller particles. Other authors***® have favored
batch extractions with sonic baths and different extractants in
order to sample small colloidal particles from soils. In that case,
Na,P,0- was found the most efficient extractant as it led to 2-12x
more leached particles as compared to other extracting agents
(NaOH, Na,COs, Na,C,0,). Schwertfeger et al>® studied the
impact of different parameters, including the use of ultrasonic
baths or probes and different extracting agents, on the recovery of
engineered silver nanoparticles spiked into biosolids/soils. The
combination of Na,P,0, and an ultrasonic probe led to the
highest extraction efficiency.

The aim of this work was to develop a robust methodology to
obtain particle-by-particle information on colloids and nano-
particles on several solid phase samples using SP-ICP-SF-MS
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and SP-ICP-ToF-MS. An ultrasound-assisted, continuous-flow
technique was used to extract nanoparticles and colloids from
solid samples (two agricultural soils, a flood plain soil,
a domestic sludge, an industrial sludge and a river sediment).
The leachates from the complex samples were then analyzed by
single particle analysis using the two techniques followed by
advanced data treatment strategies.

2. Materials and methods
2.1 Chemicals

Ultrahigh or high purity reagents and ICP-MS standards
(traceable to NIST) were used in this work. These included
ultrapure nitric acid (67-70% w/w, Plasma Pure Plus, SCP-
Science), trace metal grade hydrochloric acid (37% w/w, Fisher
Chemical), ACS reagent grade tetrasodium pyrophosphate
(Na,P,0; or TSPP, Sigma-Aldrich), single-element Au, Si and Ti
ICP-MS standards (CGAU1, CGSi1 and CGTil, Inorganic
Ventures), multi-element ICP-MS standard (IV ICP-MS-71A;
Inorganic Ventures), and suspensions of ultra-uniform 30, 50
and 100 nm gold nanoparticles (AUXU30-1M, AUXU50-1M and
AUXU100-1M, NanoComposix). All extraction solutions and
ultra-uniform gold nanoparticles were prepared using ultrapure
water (Milli-Q; R > 18.2 MQ cm; total organic carbon <2 nug C
L™"). Ionic ICP-MS standards were diluted in 1% v/v HNO; or
1% HCL.

2.2 Solid phase samples

Six solid phase standard reference materials (SRM 2709a, SRM
2710a, SRM 2711a, SRM 2781, SRM 2782, and SRM 8704) were
purchased from the National Institute of Standards and Tech-
nology (NIST, USA). In this paper, these samples are referred to
by abbreviations based upon their origin: by AG1, FP, AG2, DS,
IS and RS, as detailed in Table 1. The mass fractions of some
elements, based on the NIST certificate of analysis, are given in
Table S1. All samples were used as received from NIST without
any further pretreatment.

2.3 Ultrasound-assisted continuous-flow extraction of
colloidal particles

An optimized continuous flow extraction procedure based upon
the literature® was used to eluate the NP and CP from the
agricultural soils, sludges and river sediments. In summary,
0.5 g of dry sample (weighed to a precision of 0.1 mg) was put
into a 1 mL plastic solid phase extraction -cartridge

Table 1 Identification of solid phase samples used for extraction of metal containing colloidal particles

Sample ID NIST SRM Type/collection site

AG1 2709a Agricultural soil, San Joaquin valley, California

FP 2710a Flood plain, Silver Bow Creek, Montana

AG2 2711a Agricultural soil, East Helena, Montana

DS 2781 Domestic sludge, Metropolitan Denver Sewage Disposal District No. 1
IN 2782 Industrial sludge, New Jersey

RS 8704 River sediment, Ohio Street Bridge, Buffalo
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(MilliporeSigma™ Supelco™ 54220-U) with a polyethylene frit
(Sigma-Aldrich) at the bottom end only. Both ends of the
cartridge were tightly connected to peristaltic PVC tubing. For
each experiment, triplicate columns were vertically immersed in
a beaker full of water (Fig. S1). An ultrasound probe (12.7 mm
titanium tip, Q500 sonicator, Qsonica L.L.C, Newtown, USA)
was placed between the three columns and ultrasonication
parameters were set to 250 W output amplitude using a 10 s ON
and 5 s OFF pulse mode. A peristaltic pump was used to push
the extraction solution through the soil from the bottom to the
top of the column and then into polypropylene tubes, where
extracts were collected for analysis. Based upon prior optimi-
zation experiments,” the extraction of colloidal particles was
performed using 40 mM TSPP at pH adjusted to 6.0. Large
particles and agglomerates were separated from the leachate by
centrifugation (3000 rpm, 1882 X g; 5 min.; Heraeus Multifuge 1
S-R, Kendro, Germany). The collected supernatant was diluted
(10® to 10°x, depending on particle number) with ultrapure
water prior to analysis by SP-ICP-MS.

2.4 Single particle ICP-MS analysis

SP-ICP-MS analyses were performed on two different inductively
coupled plasma mass spectrometers: a double focusing
magnetic sector field ICP-MS (SP-ICP-SF-MS, AttoM-ES, Nu
Instruments, UK) and a time-of-flight ICP-MS (SP-ICP-ToF-MS,
Vitesse, Nu Instruments, UK). Both instruments were equip-
ped with similar sample introduction systems including
a micro-flow concentric glass nebulizer (0.2- and 0.4 mL min "
for the SP-ICP-SF-MS and SP-ICP-ToF-MS, respectively), a quartz
cyclonic spray chamber (Peltier-cooled to 4 °C) and a quartz
injector (1.5 mm internal diameter).

SP-ICP-SF-MS measurements were performed at low resolu-
tion (m/Am = 300), except for **Si for which data were acquired
at a medium resolution of 2500. Triplicate acquisitions of 40 s
were recorded using a dwell time of 40 ps for each isotope. For
measurements using SP-ICP-ToF-MS, the resolution ranged
from 2500 to 5800 depending on the isotope. The ICP-ToF-MS
was equipped with a segmented reaction cell (SRC) to elimi-
nate polyatomic, mainly argon and nitrogen-based, interfer-
ences.”® Helium and hydrogen were continuously introduced in
the SRC using flow rates that were optimized daily: in the range
of 5-7 mL min " for H, and 14-17 mL min~" for He. SP-ICP-
ToF-MS data was acquired by recording spectra in the mass
range 20-260 amu every 80 ps for a total of 5-6 minutes,
depending on particle content.®

Instrument sensitivities were determined from an ionic
calibration using single and multielement ICP-MS standards,
diluted in 1% v/v HNOj3, except for Au, which was diluted 1% v/v
HCI. Different concentration ranges were optimized, depending
on the ICP-MS instrument and the analyte sensitivity. For SP-
ICP-SF-MS, four different sets of ionic standards were
prepared: (i) Si (1, 2, 5, 10, 20 and 50 pg L"), (ii) Al and Mg (0.1,
0.2,0.5,1, 2, and 5 ug L"), (iii) Ca, Ti, Fe and Ba (0.5, 1, 2, 5, 10
and 20 pg L) and (iv) Au (0.02, 0.05, 0.1, 0.2, 0.5 and 1 ug L™1).
In the case of SP-ICP-ToF-MS, standards (0.2, 0.5, 1, 2, 5, 10, and
20 pug L' were prepared from a 43-element standard in
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addition to 2 single-element standards (Si and Ti). Transport
efficiency was determined daily, and after every 20 samples,
using suspensions of ultra-uniform gold nanoparticles (30 nm
(50 ng L), 50 nm (200 ng L *) and 100 nm (500 ng L)) and
ionic gold standards (0.2, 0.5, 1, 2, 5, and 10 pg L™1).

Raw data were processed using manufacturer's built-in
software (Nu Quant and Nu Quant Vitesse for SP-ICP-SF-MS
and SP-ICP-ToF-MS data, respectively) which rely on a variable
integration window (to accommodate the variation of peak
widths) and smoothing (to reduce fluctuations and to facilitate
accurate peak detection). Detailed descriptions can be found in
the literature.*° Briefly, raw signal (intensity vs. time) was first
smoothed (boxcar averaging) in a rolling search window. Then,
the algorithm searched for a maximum intensity and the cor-
responding immediate minima, pre- and post-inflection points
to determine the peak width. The smoothed data preceding the
pre-inflexion point was used to determine the average local
background. Peak detection was triggered by a user-defined
(optimized) value of intensity (not necessarily a multiple of
the standard deviation of the background?*'), which was added
to the average smoothed local background. The background
subtracted raw data between inflexion points was integrated if
the peak maximum was higher than the trigger value and the
peak width larger that a set minimum (also user defined, at least
3x the dwell time and optimized depending on the dataset).
Peak search then continued in a new search window, the start of
which depended on whether a peak was found or not in the
preceding window. For each identified peak, a full width at half
maximum (FWHM) was determined and used for data filtering.
For instance, peaks for which FWHM could not be calculated
were identified as suspicious and manually checked for false
positivity. Additionally, very large FWHM (e.g., over 3x the
average peak width)- indicating completely overlapping peaks-
or a too noisy background were also inspected for low peak
intensities. Finally, even partially overlapping peaks could be
integrated using the above method, significantly increasing the
accuracy of nanoparticle peak detection and integration, espe-
cially when compared to the fixed search window methods.

3. Results and discussion
3.1 Comparison of SP-ICP-SF-MS and SP-ICP-ToF-MS data

TSPP eluates from the different solid phases (Table 1) were first
analyzed by SP-ICP-ToF-MS by considering a minimum
threshold of 100 particles per minute (flow rate of ~0.3
mL min~"). Based upon those criteria, Mg-, Al-, Si-, Ca-, Ti-, Fe-,
and Ba were identified as the major elements in the CP (Fig. 1
and S2). Other CP containing Ce, Cr, K or multielement parti-
cles containing Si and K or Fe and Ce were also observed, but for
a lower number of occurrences. Note that in this paper, when
NP and CP are used with the symbol of a metal (e.g. Al-CP), it is
to indicate that the element was a major constituent of the
particle and not that the particle was composed solely of this
element.

Although SP-ICP-ToF-MS has a valuable multielement capa-
bility, it has relatively high detection limits, leading to a higher
particle size detection threshold and an inability to detect the

J. Anal. At. Spectrom., 2025, 40, 2487-2497 | 2489
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Fig.1 Number proportion of colloidal particles detected by SP-ICP-ToF-MS in the extracts of several solid phase samples: (a) agricultural soil
AGL, (b) flood plain FP, (c) agricultural soil AG2, (d) domestic sludge DS, (e) industrial sludge IS and (f) river sediment RS. These data can also be

observed in the heatmaps provided in Fig. S2.

smallest particles. Mass detection limits (MDL) for Mg, Al, Si,
Ca, Ti, Fe and Ba for both the sector field and time of flight

instruments are summarized in Table 2.

In order to illustrate the importance of the detection limits
on the particle quantification, it is possible to consider the case

of an aluminosilicate such as Al,Si,O5(OH),. Based upon the
calculation of a spherical equivalent diameter, size detection
limits (SDL) by SP-ICP-ToF-MS were calculated to be ~76 nm
based on the sensitivity for Al and ~100 nm if using the
sensitivity for Si. This calculation suggests that colloidal

Table 2 Typical instrument sensitivities, mass detection limits (MDL) and particle size detection limits (SDL) for Mg, Al, Si, Ca, Ti, Fe, and Ba, as
obtained for SP-ICP-SF-MS and SP-ICP-ToF-MS. Values are provided for limited dissolved elements in each sample

Particle® SP-ICP-SF-MS SP-ICP-ToF-MS
Density Monitored Sensitivity MDL SDL Monitored Sensitivity MDL SDL

Analyte Molecule (g ecm™?) isotope (count fg™ ") (ag)’ (nm) isotope (count fg™ 1) (ag)’ (nm)
Mg MgO 3.58 Mg 2975.3 0.7 8.7 Mg 2.2 175.8 53.8
Al AlLO, 3.99 271 4261.7 1.2 10.2 27Al 8.3 126.5 48.6

AlLSi,05(0H), 2.65 15.9 75.8
Si Al,Si,05(OH), 2.65 286 188.6 11.2 33.3 286 4.5 303.1 100.1

Sio, 2.65 25.8 77.6
Ca CaCO; 2.71 4ca 286.0 14.9 29.7 4ca 1.4 561.1 99.6
Ti TiO, 4.23 497§ 296.8 3.8 14.2 487§ 36.8 12.2 20.9
Fe Fe,0; 5.24 5"Fe 112.9 183.8 45.8 56Fe 61.2 64.8 32.3
Ba BaSO, 4.50 137Ba 762.2 1.3 9.8 135Ba 100.9 2.4 12.0

BaCoO, 4.29 9.4 11.5

¢ Common compound for estimating the size. > Mass detection limit of the analyte.
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aluminosilicates will only be measured for diameters above
~100 nm. Particles in the size range of 76-100 nm would be
detected as Al-CP, whereas they would not be detected at all
below ~76 nm. Based upon a sensitivity of the SP-ICP-SF-MS for
Al that was more than 500 times higher than what was obtained
with SP-ICP-ToF-MS (4261.7 vs. 8.3 count/fg, Table 2), the SDL
(of Al,Si,O5(OH),4) could potentially be decreased from 76 nm to
16 nm using the sector field instrument.

In order to evaluate experimentally the role of sensitivity on
particle quantification, the eluates that were analysed by SP-
ICP-ToF-MS were re-analyzed by SP-ICP-SF-MS. As expected,
significantly more colloidal particles were detected by SP-ICP-
SF-MS (Fig. 2), albeit with the measurement of a single
isotope in each particle. For example, the numbers of Al-CP that
were determined by SP-ICP-SF-MS were 50-2200x higher
(depending on the sample) than what was determined by SP-
ICP-ToF-MS (Fig. 2). Similar differences in particle number
concentrations were found for Si, Ca, and Mg, given the
improved instrumental sensitivities (40x, 200x and 1350, for
Si, Ca, and Mg, respectively) of the SP-ICP-SF-MS with respect to
the SP-ICP-ToF-MS. Even for Ti and Ba in which there was only
a ~8x difference in sensitivity between the two instruments,
about 10x more particles (Ti-CP and Ba-CP) were detected by
SP-ICP-SF-MS as compared to SP-ICP-ToF-MS. Iron was the lone
exception, due to the fact that the more abundant *°Fe was
monitored by SP-ICP-ToF-MS, while the less abundant >’Fe was
determined by SP-ICP-SF-MS, due to the absence of a reaction
cell on the SF instrument. Although the measured sensitivity
was nonetheless double for SP-ICP-SF-MS (Table 2), the signal to
noise ratio was about 40x higher for the SP-ICP-ToF-MS,
leading to 3-9x more Fe-CP detected in the different leach-
ates by SP-ICP-ToF-MS (Fig. 2).

Similarly, with the exception of Fe, the mass distributions
were significantly smaller when measured by SP-ICP-SF-MS as
compared to SP-ICP-ToF-MS (Fig. S3). This point was illustrated
by calculating the measured equivalent spherical diameters of
the Al-containing CP under the assumption that they were
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Al,Si,O5(OH),. While it is quite intuitive that the smallest
particles are not detected by the SP-ICP-ToF-MS (see detection
limits in Fig. 3), the absence of the second population of larger
particles in the SP-ICP-SF-MS data is more difficult to explain. In
fact, this apparent artifact results from the stochastic nature of
the SP techniques. In SP-ICP-MS, particle number concentra-
tions (PNC) must be adjusted into a relatively small concen-
tration window from ca. 100 to 2000 particles min~". Indeed,
the probability of particle coincidences increases at the higher
PNC, whereas at the lower PNC, it is important to have sufficient
particles in order to maintain statistical relevance. As seen
above for Al CP, there were between 50 and 2200 x more parti-
cles in the smaller size fraction (SP-ICP-SF-MS) than in the

2000
: | AG1 SP-ICP-SF-MS
! ! ; [ SP-ICP-ToF-MS
! ! Al,Si,04(OH), - - SDL (SF)
1500 | | - -~ SDL (ToF)

| 1

) | 1

g 1 1

S 1000 ! !

o 1 |

[ 1 |

w 1 1
1 |
1 |

500 | |
1 |
1 |
1 |
1 |
1
0. i .
0 100 200 300 400 500

Particle size (nm)

Fig. 3 Particle size distribution of a CP assumed to be an alumino-
silicate (Al,Si,O5(OH)4)). Sizes are determined from the mass of Al-
containing CP extracted from agricultural soil (AG1) and measured by
SP-ICP-SF-MS and SP-ICP-ToF-MS. In this figure, the sizes of the
peaks have been adjusted to reflect the different sample dilutions used
for analysis (10 x greater dilution for SP-ICP-SF-MS with respect to SP-
ICP-ToF-MS). Accumulation time was 6 minutes for SP-ICP-SF-MS
and 18 minutes for SP-ICP-ToF-MS.
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Fig.2 Number concentrations of Mg-, Al-, Si-, Ca-, Ti-, Fe-, and Ba-CP extracted from agricultural soils (AG1 and AG2), a flood plain soil (FP),
a domestic sludge (DS), an industrial sludge (IS) and a river sediment (RS). Data are acquired using (a) SP-ICP-SF-MS and (b) SP-ICP-ToF-MS. The
inset in (a) uses a 100x increase in scale to better see the results of the lower frequency elements.
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fraction measured by SP-ICP-ToF-MS. By adjusting the concen-
tration of the smallest particles to 2000 particles per min, one
necessarily reduces the number of larger particles to a few
spikes on the chromatogram, concentrations that are likely to
be below statistical relevance. The limits and capabilities of SP-
ICP-SF-MS and SP-ICP-ToF-MS are examined further for two
aluminosilicates: Al,Si,O5(OH), and Fe3Al,(SiO,); in Fig. S4,
where it is shown schematically how only a fraction of the
particles can be detected at a given dilution. Given the above
observations, it is critical to use multiple SP-ICP-MS techniques
in order to extend observations across particle size ranges, in
addition to performing measurements at multiple dilutions.**
The combination of multiple data sources is very important for
getting better insight into the analysis of chemically complex
and polydisperse systems, such as soil CP and NP. In addition, it
is important to be extremely careful/critical when interpreting
SP-ICP-ToF-MS data. Given the above caveats, in the discussion
that follows, SP-ICP-SF-MS was mainly used to compare particle
numbers of the smaller CP and NP, while SP-ICP-ToF-MS was
primarily used to characterize the multi-elemental or multi-
isotopic composition of the particles.

3.2 Characterization of the solid phase colloidal particles by
SP-ICP-SF-MS

The highest numbers of extracted particles were found in the
leachates from the agricultural and flood plain soils (AG1, AG2,
and FP), with Al-CP representing the largest proportion of the
particles (Fig. 2a). For identical extraction conditions, about ten
times fewer particles were extracted from the industrial sludge
(IS) and the river sediment (RS), with the domestic sludge (DS)
having even lower numbers of extractable and measurable
colloidal particles. In all cases, Mg-, Al-, and Si-CP were the most
abundant particles in the leachates, consistent with the pres-
ence of aluminosilicates. Furthermore, in spite of the common
use of titanium dioxide in domestic products and pharmaceu-
ticals, very few Ti-CP were found in either the domestic or
industrial sludges (ca. 0.04% and 0.12% of the total titanium,
respectively (Table 3)). This low proportion of Ti-CP may result
from several potential mechanisms: (i) their strong interactions
with solid matter may lead to the formation of large (micro- or
macro-sized) aggregates, which could not be extracted or
measured by ICP-MS; (ii) decreased transport in the ICP-MS due
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to sedimentation losses could occur during the sample intro-
duction, including nebulization; or (iii) poorer ionization or
decreased transport efficiency may be decreasing detection of
the larger particles.®® With a few exceptions such as the
measurement of relatively larger Mg-CP and AI-CP in the
domestic sludge, the mass (hence the size) distributions of
extracted CP were very similar (Fig. S3). This observation may
have resulted from the combined use of TSPP*” and ultrasound
during the extraction process, which could lead to a reduced
particle polydispersity.

3.3 Elemental molar ratios of single particles by ICP-ToF-MS

Elemental molar ratios are one indicator that can be used to
distinguish among the different colloidal solid phases. For
example, binary Al/Fe ratios showed clear differences among
the different samples (Fig. 4). Contrary to elemental molar
ratios performed on the bulk sample, the elemental molar
ratios presented here are a histogram of ratios obtained for
individual particles, implying that the breadth of the distribu-
tion is a good indicator of the chemical heterogeneity of the
samples. In that light, the two agricultural soils (Fig. 4a and c)
had broad distributions with relatively large values Al/Fe ratios.
In contrast, the industrial sludge (Fig. 4e) had a narrow distri-
bution of extremely low Al/Fe values.

Furthermore, given the wealth of information obtained from
ICP-ToF-MS, ternary diagrams are another effective means for
distinguishing among the solid phase samples. For example, in
Fig. 5, single particle ICP-ToF-MS measurements provide
a distribution of Al:Fe:Si ratios (blue points) that take into
account the chemical heterogeneity of the sample, whereas,
bulk measurements provide an average value only (‘half full red
circle’ in Fig. 5, as determined from the certified values).
Clearly, the Al:Fe: Si ratios are fairly widely dispersed and/or
show multiple populations of the particles (e.g., Fig. 5a and
b). Furthermore, by comparing the measured elemental ratios
with those of pure mineral phases, it is possible to speculate on
the probable, predominant types of minerals within the solids.
For example, for the agricultural and flood plain soils, the
majority of the colloidal particles containing Al, Si and Fe were
found with molar proportions of 12-50% Al, 50-85% Si and 5-
13% Fe. These values are consistent to values that would be seen
with illite, vermiculite or smectite mineral phases. In contrast,

Table3 Measured mass fraction (%) of extracted colloidal Mg, Al, Si, Ca, Ti, Fe and Ba relative to the certified proportions in the solid samples. The
relatively low values result from both the extraction (not all particles are extracted from a soil) and from the measurement (ICP-MS has an upper
limit on particle sizes that can be efficiently nebulized and ionized). CP were extracted from the different solid phase samples (AG1, AG2, FP, DS, IS
and RS) using ultrasound assisted extraction with 40 mM TSPP (pH = 6.0) and analyzed by SP-ICP-SF-MS

AG1 FP AG2 DS IS RS
Mg 2.40 £ 0.15 1.17 + 0.16 1.46 £ 0.14 1.09 + 0.23 0.696 £ 0.175 0.332 £+ 0.071
Al 1.45 £ 0.10 1.27 £ 0.05 1.04 £ 0.11 0.022 £ 0.007 0.088 £ 0.019 0.286 £ 0.028
Si 1.26 + 0.13 0.609 £ 0.055 0.746 £ 0.128 0.030 £+ 0.009 0.182 £ 0.028 NA
Ca 0.023 £ 0.004 0.040 £ 0.003 0.015 £ 0.002 0.003 £ 0.001 0.005 £ 0.001 0.005 £ 0
Ti 1.91 £ 0.19 0.675 £ 0.075 0.826 £ 0.069 0.038 £+ 0.012 0.119 £ 0.023 0.221 £ 0.007
Fe 0.842 £ 0.151 1.38 £ 0.01 0.432 £ 0.068 0.014 £ 0.003 0.922 £ 0.181 0.322 £ 0.001
Ba 0.365 £+ 0.036 1.35 £ 0.05 0.247 £ 0.033 NA 0.007 £ 0.001 0.244 £+ 0.011
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for the industrial sludge, there were few detected particles
containing these three elements; Si:Fe molar ratios (mean
value of 0.58 + 0.98, n = 2787 CP) are similar to those of fayalite.

3.4 Isotopic ratios of single particles by ICP-ToF-MS

Isotopic ratios of the individual particles were also evaluated
with the hypothesis that some isotopic enrichment could be
observed for particles derived from specific (likely industrial)
events.>*** Nonetheless, the accuracy of isotopic ratios
measured at a single particle level (i.e. very short transient
signal) appears to be highly impacted by the particle size and
instrument sensitivity. Indeed, as reported in the literature,***

This journal is © The Royal Society of Chemistry 2025

and based upon the measurements carried out in this study,
extremely high variability was observed for the smallest parti-
cles (Fig. 6¢ and S5). This high uncertainty can be attributed to
the stochastic nature of ion detection at low ion counts.*?
Furthermore, the measurement of the larger particles can, in
some cases, be inaccurate due to detector saturation or reduced
transport efficiency. This high uncertainty makes it difficult to
quantify the typically small effects of isotopic fractionation that
may be occurring as a result of environmental processes, such
as chemical sorption/complexation.*®

In addition to the uncertainties inherent with the measure-
ments of isotopic ratios, some systematic errors are possible
due to instrumental mass bias. Based upon the isotopic ratios
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in the ionic standards, a correction to the mass bias was per-
formed, however, there was still a positive shift of the average of
isotopic ratios of particles with respect to natural isotopic ratios
for all measured isotopes (Fig. S5). It is difficult to attribute this
shift to actual isotopic fractionation or to an additional mass
bias due to the measurement of the fast transient signal.
Therefore, additional SP-ICP-ToF-MS measurements were
carried out using a certified reference materials for lead
isotopes (NIST SRM 981), which was solubilized and analyzed at

2494 | J Anal. At. Spectrom., 2025, 40, 2487-2497

different concentrations (from 5 to 9 pg L"), along with the
leachates under the same conditions. A correction factor for
mass bias (CFp,,) was defined as the measured over certified
isotopic ratio 2°°Pb/>*’Pb for the SRM 981 and ionic standards
(eqn (S1)). It was plotted as a function of **’Pb intensity, which
was measured for different concentrations of the ionic Pb
standard (Fig. 6a). From the relationship between CF,,, and
207ph intensity, a polynomial fit (eqn (S2)) could be generated
(eqn (S2)), which could be used to correct the mass bias of the

This journal is © The Royal Society of Chemistry 2025
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Fig.6 (a) Correction factor for mass bias as a function of 2°’Pb intensity in NIST SRM 981, as measured by the SP-ICP-ToF-MS. (b) Isotopic plot of
208pp vs. 2°7Pb for the leachate of the flood plain sample (FP); (c) isotopic ratio of 2°°Pb/2°”Pb as a function of the 2°’Pb intensity (i.e. particle size)
for the leachate of the flood plain sample (FP) and (d) distribution of isotopic ratio 2°®Pb/2°”Pb for the leachate of the flood plain sample (FP). In
(b), standard deviations are determined from either triplicate measurements of the digested solution (bulk) or from the error on the slope (single
particle measurements). In (d), single particle measurements were again used to determine isotope ratios, however, standard deviations were
determined from either the full distribution of values (shown in (c)) or filtered to remove values that were furthest from the mean (corresponding
to the smallest 2°’Pb measurements and shown in Fig. $8) for the small distribution (red).

measured intensity of *°°Pb in individual particles extracted
from the different solid samples (Fig. 6a and S6). The corrected
values were plotted (Fig. 6b and c) to obtain the *°°Pb/**’Pb
isotopic ratios. Fig. 6d shows the distribution of isotopic ratios
for data in which the very small particles (based upon a relative
standard deviation of 10%, Fig. S8) were eliminated from the
dataset. Finally, aliquots of the extracts were also digested and
analyzed for bulk isotopic ratios using a longer dwell time of 130
ms. The results are reported in Table 4 in which the relative
differences between isotopic ratios in the bulk and single
particles were determined. Deviations from the natural abun-
dance ratios were also evaluated.

With respect to the bulk ratios determined on the digested
extracts, a substantial enrichment (from 10.31 to 18.35%) of
20%pp, relative to *°’Pb, was observed for all samples except for
the agricultural soil AG2 (smaller deviation of 0.34%). Note
however that for each extract, a non negligible relative

This journal is © The Royal Society of Chemistry 2025

difference (1.20-5.92%) was found between the isotopic ratio in
the bulk extract with respect to that in the individual particles.
On the one hand, the ratios in the digested extracts involved
both dissolved and particulate Pb. On the other hand, particles
detected by SP-ICP-ToF-MS represent only a fraction of all
extracted particles, which may not be representative of the nano
or colloidal phases of the sample. Thus, it is likely that both
approaches are measuring isotopic ratios in different pop-
ulations of Pb atoms. Nonetheless, while it will be necessary to
examine more deeply this discrepancy, it is clear that the
determination of isotopic ratios on individual colloidal particles
will be of great interest to the scientific community. Finally, it is
important to acknowledge that for an in-depth investigation of
isotopic ratios of other elements, it will be key to use SRMs of
nanoparticles with certified isotopic ratios (once available) in
order to validate the use of SP-ICP-ToF-MS for isotopic ratio
determinations.
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Table 4 Isotopic ratios of 2°°Pb/2%’Pb for bulk digested extracts compared with linear correlated ratios of individual colloidal particles (CP),
extracted from different solid samples. Relative differences (final two columns) are calculated as 100x|A — B|/B, where A is the isotopic ratio of
the digested sample and B is the accepted natural ratio obtained from NIST SRM 981 (1.0933) (column 6) or A is the isotopic ratio determined on

the single particles (CP) and B is the ratio for the digested sample (column 7)

Colloidal particles

Linear correlation

Relative difference (%)

Sample Bulk digested extract Slope R Particle number Bulk|Natural CP|Bulk
AG1 1.26 £+ 0.045 1.312 0.9714 660 15.24 4.13
Fp 1.224 £ 0.005 1.239 0.9743 7520 11.95 1.23
AG2 1.097 £ 0.001 1.162 0.9805 619 0.34 5.93
DS 1.294 £ 0.017 1.339 0.9919 348 18.35 3.48
IS 1.249 £ 0.004 1.295 0.9801 107 14.24 3.68
RS 1.206 £ 0.001 1.266 0.9888 183 10.31 4.98

4. Conclusion

When examining chemically heterogeneous and polydisperse
samples such as soils, sediments and sludges, the single
particle techniques, including SP-ICP-SF-MS and SP-ICP-ToF-
MS, are able to provide unique information that is not avail-
able through bulk measurements. Indeed, bulk analysis of the
solid phases examined here showed few differences among the
samples, whereas clear and important differences were
observed for trace element distributions and elemental ratio
distributions (binary and ternary) when measuring the single
particles. Nonetheless, further work will be required when
measuring the isotope ratios of individual colloidal particles in
order to determine to what extent further improvements in
accuracy and precision can be made, especially when attempt-
ing to distinguish between relatively small differences in
samples. Furthermore, when determining particle number
concentrations and particle size distributions, great care will be
required due to the relatively limited dynamic range of these
techniques. The use of multiple techniques is one way to get
a more complete picture of a complex sample, however, as was
shown, the two SP-ICP-MS techniques used here gave comple-
mentary but different particle size distributions. Future work
will be necessary but useful to further exploit the potential of
the single particle techniques to thoroughly characterize
complex samples.
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