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ABSTRACT

The increasing production of ZnO nanoparticles (nZnO) makes their analysis and characterisation
extremely important from an ecological risk perspective, especially at the low concentrations at
which they are expected to be found in natural waters. Single particle [CPMS (SP-ICPMS) is one
of the few techniques available to detect and characterize nanoparticles at environmentally relevant
concentrations. Unfortunately, at the very low particle concentrations where SP-ICPMS is
performed, significant dissolution of the nZnO generally increases background levels of dissolved
Zn to the point where measurements are not generally possible. By hyphenating SP-ICPMS with
an ion-exchange resin, it was possible to characterize and quantify nZnO in order to gain insight
into the nature of the nZnO in natural waters. Spiked and unspiked water samples were analysed
using a SP-ICPMS that was coupled to a column containing a strong metal binding resin
(Chelex 100). In addition to the detection of ZnO nanoparticles and the determination of its size
distribution in natural waters, it was possible to partition the dissolved Zn among free and/or labile
and strongly bound Zn fractions. In two natural waters, a high proportion (ca. 93 — 100%) of
dissolved Zn was measured and the residual ZnO particles were mainly composed of small
agglomerates (average sizes ranging from 133.6 to 172.4 nm in the surface water and from 167.6
to 216.4 nm in the wastewater effluent). Small numbers of small nanoparticles were also detected

in non-spiked waters.
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INTRODUCTION

In order to understand the fate and risk of nanomaterials (NM) in the environment, it is essential
to accurately characterize their size, dissolution and agglomeration!. In natural systems, fate
determinations of the inorganic NM are difficult due to their low concentrations and the
simultaneous presence of other ionic and colloidal forms of the same elements. Indeed, toxicity or
environmental fate data are often misinterpreted due to physicochemical transformations (e.g.
agglomeration, dissolution, interactions with solid phases) of the NM! that have been unaccounted
for in the experimental design.

Metal and metal oxide nanoparticles such as Ag, ZnO, TiO2 and CeO; are among the most used
nanomaterials in industrial and consumer products. This has led to increased attention in assessing
their fate and behavior in the environment, especially in aquatic systems. ZnO nanoparticles
(nZnO) are widely used in commercial products (sunscreens> >, food additives, pigments, etc.) due
to their high photo-reactivity, UV-blocking properties and medicinal uses*®. The risk
accompanying their widespread use, including their potential release into the environment, has led

to numerous studies on their toxicity’'*

as well as determinations of their aggregation and
dissolution'>”. In almost all published investigations, relatively high concentrations of ZnO
(>ppm levels) were considered even though low (<ppb) levels are predicted to occur in the
environment. Unfortunately, few analytical techniques are available for detecting or characterizing
low levels of nZnO in environmental (including toxicological) media. From this point of view,
inductively coupled plasma mass spectrometry in its single particle mode (SP-ICPMS) is a

promising technique for determining size distributions, particle mass and number concentrations

and the dissolution of the inorganic nanomaterials'®**. To date, the technique has been mainly

d**?° and silver®> 27-%°

used for the characterization of gol nanoparticles; little success has been
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achieved for highly soluble particles, such as nZnO*°. A major difficulty arises when the
concentration of dissolved metal is too high, in which case, the signal corresponding to the
dissolved ions overlaps with that from the nanoparticles, leading to an erroneous (if not impossible)
discrimination between the forms®!. By coupling an ion-exchange column (IEC) with the SP-
ICPMS (IEC-SP-ICPMS)?!, it is possible to remove much of the dissolved metal prior to data
acquisition, thereby reducing the particle size detection limits of the technique and providing some
information on the nature of the inorganic species in complex matrices. The objective of this work
was thus to investigate the effectiveness of the IEC coupling and to apply the novel technique to

the determination of nZnO fate in a surface and waste waters.

EXPERIMENTAL SECTION

Chemicals. High purity, ultrapure nitric acid (65%, Aristar Ultra) was purchased from BDH and
used at a concentration of 1.5 M for the regeneration of the ion exchange resin. Sodium hydroxide
(= 98%, Sigma-Aldrich) was used to convert the resin to its sodium form. ACS reagent grade
Ca(NOs3)2 and KCI were purchased from Sigma-Aldrich; NaNO3 and NaCl (>99%) were obtained
from Fisher Scientific and Mg(NO3)2 (>99%) was provided by Fluka. Zn calibration solutions
were prepared by dilution of ICPMS standards (CGZN1-1, Inorganic Ventures). Suspensions of
zinc oxide nanoparticles (Nanotek ZN-2551, nominal particle size of 50 nm, Alfa Aesar, Stock #
45588, Lot # L04U027) were prepared from a commercially obtained colloidal dispersion (50%
w/w in H2O). The average particle size provided by the manufacturer was obtained by transmission
electron microscopy (TEM) performed on the dry powder. Prior to use, the nZnO dispersion was
placed in an ultrasonic bath containing small pieces of ice, for 10 minutes. Particles were first

diluted to 10 mg L™ in ultrapure water (Milli-Q, 18.2 MQ cm; total organic carbon < 2 ug L") and
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then spiked into the natural waters. With the exception of the kinetics studies, nZnO samples were
equilibrated for at least 24 hours prior to analysis. Fifty mg L of citrate stabilized gold
nanoparticles with a nominal diameter of 60 nm (NIST reference material, RM 8013) was used to

determine the transport efficiency of the ICPMS.

Ion exchange columns. When analyzing samples, SP-ICPMS data were acquired with and without
the passage of sample through a cation exchange column, which was placed on line between the
peristaltic pump and the ICPMS nebuliser. The length of tubing between the exit of the column
and the entrance to the nebulizer was approximately 5 cm. An analytical grade Chelex 100 (50-
100 mesh, Sigma-Aldrich), with a binding capacity of 0.7 meq mL"', was used as the cation
exchange resin. Prior to use, the Chelex 100 resin was first washed with 1.5 M HNOj3, rinsed with
Milli-Q water and converted to its Na" form using 0.1 M NaOH, followed by a rinse with Milli-Q
water. The wet and swollen resin was then placed in a cut polypropylene tube with a length of 7.4
cm and an inner diameter of 2.8 mm. A resin bed volume of ca. 0.45 mL was maintained in the
column between two small pieces of glass wool, each retained by the cut top of a syringe. In a
limited number of experiments, an Amberlite®XAD1180N resin (20-60 mesh, moisture holding
capacity 61-67 %, 1.4 mL g pore volume; Fluka) was used in a column with a length of 8.5 cm
and an inner diameter of 8.0 mm. In that case, due to the larger resin grain size, a wider column
was used to obtain better packing. Before use, 0.075 M HNOs3 and reagent grade ethanol (99%)
were used to condition the XAD1180N. Both resins were washed with Milli-Q water after every
second sample and data were acquired both to check for memory effects and to ensure that no

particles remained trapped in the interstitial volume of the column.

Data acquisition and processing. A Perkin-Elmer NexION 300x Inductively Coupled Plasma

Mass Spectrometer was used for data acquisition in single particle mode. The sample introduction
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system consisted of a quartz cyclonic spray chamber, type C0.5 concentric glass nebulizer and
quartz 2 mm bore injector. Time resolved signals were acquired in fast scan mode*? using the
Syngistix nano application module integrated into the NexION software (version 1.6 Build
1.6.4242.0). For verification purposes, raw data were also manually reprocessed (using Excel) as
described previously®!'. Particles were discriminated from the background signal using a 3c
methodology (Syngistix module) or a value of =3 to 5 during the manual processing. All
concentrations and diameters were determined from triplicate samples using 3 to 7 replicate
measurements and a sample intake of 0.5 mL min™'. Uncertainty values given in the paper represent
standard deviations determined from the replicate measurements. For each measurement, 99000
data points were collected over 50 s using a dwell time of 0.5 ms and a negligible settling time (in
the software, data are sent in packages of 1000 data points). Where relevant, representative

intensity plots have been presented in the paper.

Particle number concentrations were determined from the number of events (detected particles),
and a knowledge of the transport efficiency. Successive partial intensities were integrated into
single particle events and the intensity of each event was converted to the equivalent mass of Zn
using a calibration with ionic Zn standards. Particle diameters were determined from the known
density of ZnO, the mass fraction of Zn/ZnO and by assuming spherical shape. Particle mass
concentrations were obtained by summing the masses of all of the individual particles. The
concentration of dissolved zinc was obtained by subtracting the concentration due to nanoparticles
from the total Zn concentration. The concentration of dissolved Zn that was measured after passing
the samples through the resins was attributed to strongly bound zinc. Free and/or labile Zn was

obtained by subtracting the strongly bound Zn from the total dissolved Zn.
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RESULTS AND DISCUSSION

SP-ICPMS (without resin). Suspensions of nZnO were diluted to sub-ppb (ug L) levels (of total
Zn), left for 24 hours (based upon the kinetic study showed in Figure S1) and analyzed by SP-
ICPMS without the ion exchange resins. Based upon the presence of spikes in the time resolved
signal (Figure 1), it was possible to conclude that nZnO was present; however dissolved Zn was
very high (as demonstrated by the continuous background signal that increased with increasing
nZnO concentrations from 1a to 1d). At the lowest nZnO concentrations (Figures 1a, 1b), particle
numbers were too small to be statistically significant, while at higher concentrations (i.e. >10 pg
L!; Figure 1c, 1d), background levels were so high that the signal for the dissolved Zn overlapped
with that for the (smallest) nZnO. This is consistent with previous results for nAg showing that the
minimal detectable particle sizes determined by SP-ICPMS increased with increasing dissolved

metal®!

. Under these conditions, only very large particles or particle agglomerates can be
distinguished from the dissolved Zn. Such a result is consistent with high nZnO dissolution, a
result that has been consistently observed in the literature (e.g. '* %), especially at lower particle
concentrations®*. Indeed, for a polyacrylic acid coated nZnO, Merdzan et al.>* used centrifugal
ultrafiltration to show that dissolution was much greater at low concentrations as opposed to high
ones (i.e. 90% dissolution at 70 ug L' Zn and 30% dissolution at 1120 pug L' Zn). Similarly, Miao

et al.!” have reported greater release of Zn>* for nZnO concentrations below 7.8 mg L', In that

case, Zn release decreased with time and was no longer significant after 4 days.
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Figure 1. Raw intensity plot of a suspension of ZnO nanoparticles with a nominal diameter (as
provided by the manufacturer) of 50 nm in MilliQ water. Zn concentrations were equal to: (a)

0.07 ug L, (b) 0.94 pg L, (¢) 17.74 pg L' and (d) 52.12 ug L.

IEC-ICPMS. By coupling the SP-ICPMS to a Chelex 100 resin, it was possible to decrease the
background signal due to dissolved Zn, leading to a particle size distribution (Figures 2c, 2d) that
was more consistent with information provided by the manufacturer. As observed previously for
nAg’!, the use of the IEC resin did not appear to retain a significant proportion of the ZnO
nanoparticles (Figure S2). For a suspension initially composed of 51.5 ug L' nZnO in MilliQ

water, an average particle size of 65.4 £ 0.5 nm with a mode at 49.3 + 2.2 nm was obtained using
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IEC-SP-ICPMS whereas, in the absence of resin, only a few events of high intensity (average
diameter of ca. 205 nm) could be distinguished from the dissolved Zn. Similarly, for a lower
concentration of 17.7 pg L' Zn in MilliQ water, an average particle diameter of 67.3 = 6.2 nm
(mode: 45.6 = 7.7 nm) was obtained (mean of 151.6 nm and mode of 143.3 nm were determined

using SP-ICPMS).
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Figure 2. Time resolved signal for a suspension of ZnO nanoparticles (50 nm nominal diameter,
17.7 ng L'! total Zn) in MilliQ water. Signal was acquired by (a) SP-ICPMS and (c) following
passage through an online Chelex 100 resin (IEC-SP-ICPMS). Respective size distributions for

the data are provided for: (b) SP-ICPMS and (d) IEC-SP-ICPMS.
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nZnO in a river water. The presence of major ions at similar concentrations to those generally
found in surface waters did not affect the efficiency of the Chelex 100 resin (Figure S3). Natural
waters sampled from the Des Prairies river (Montreal, Canada; Table S1) were spiked with nZnO
nanoparticles. When samples were spiked with less than 10 ug L' Zn, there were simply not
enough nanoparticles to determine particle number or particle diameter, with (i.e. IEC SP-ICPMS)
or without (i.e. SP-ICPMS) the Chelex resin (Figure S4). It was only possible to get sufficient
particle counts when using higher nZnO concentrations. For example, when the surface water
samples were spiked with 36.8 pg L' Zn of nZnO, a low frequency of large agglomerates were
detected (mean: 220.5 nm, mode: 182.5 nm; Figure 3a, 3b) by SP-ICPMS. However, when the
Chelex resin was coupled to the SP-ICPMS, it was also possible to identify larger numbers (~10x)
of (smaller) nanoparticles (mean: 136.9 nm, mode: 114.1 nm; Figures 3c, 3d). Particle diameters
obtained by IEC-SP-ICPMS (Figure 3d) were substantially larger than those determined in MilliQ
water (Figure 2d), suggesting that the agglomeration of nZnO or its heterocoaguation with natural
colloids may have occurred in the natural water. Similar conclusions could be drawn when the
water was spiked with a higher particle concentration (96.3 ug L' Zn, Table 1 and Figure S5).
Clearly, the nZnO was not stable in the surface water- in addition to the observed agglomeration,
much of the nZnO dissolved. For example, for the lower nZnO spike, ca. 96.8% of the Zn was

attributed to the dissolved fraction.

10
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188  Figure 3. Time resolved signal for a suspension of ZnO nanoparticles (nominal diameter of 50
189  nm, 36.8 ug L' total Zn) in the Des Prairies River acquired (a) without the use of a resin (SP-

190 ICPMS); (c) following sample elution through an online Chelex100 and (e) following elution
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through an online XAD1180N resin. Respective size distributions for the data: (b) SP-ICPMS,

(d) IEC-SP-ICPMS and (f) XAD-SP-ICPMS.

Unlike the results obtained in MilliQ water, the use of the ion exchange resin did not completely
remove all of the dissolved Zn from the background signal (Figure 3c¢). In natural waters, inorganic
(e.g. ZnSO4, ZnHPO4) and organic (e.g. Zn-humic) Zn complexes are likely to be present in
addition to free Zn. While the Chelex should remove much of the free Zn and labile Zn complexes,
it is unlikely to remove the strong/slowly dissociating complexes in the dissolved fraction. In this
case, complex lability is defined with respect to the transit time of the sample through the resin,
which is ca. 8 s. Based upon mass balance calculations of the different Zn forms made using SP
ICPMS and IEC SP-ICPMS, it was possible to conclude that these non-labile complexes

represented less than 10% of the Zn in the surface water (Table 1).

Since dissolved Zn may mask small nZnO particles, it was necessary verify that the small
background signal observed in Fig. 3c was not responsible for the measured increase in particle
size when comparing the natural water with the Milli-Q water. Three lines of reasoning lead us to
believe that the increased particle size was real. First, the masking of small particles by the
dissolved background should result in decreased particle numbers and decreased particle mass
concentrations rather than an increase of particle size. However, when Milli-Q water was spiked
with 51 pg L' Zn of nZn0O, 9.7 x 107 particles per liter were detected (corresponding to a particle
mass concentration of 100.2 ng L") whereas the addition of 36 ug L' Zn of nZnO to the surface
water led to a similar particle number concentration (8.9 x 107 particles L") but a much higher
average particle intensity and much larger total particle mass (1315.1 ng L', obtained by summing

the masses of all of the individual detected particles, Table S2).

12
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Second, based upon the signal intensity that was attributed to the dissolved Zn at the exit of the
IEC column (Figures 3c; Figure S6), it is possible to estimate a minimum detectable particle size
of 32 nm for the samples measured in Milli-Q water and 70 nm for the samples measured in the
river water. Given the size detection limit of 70 nm, it is unlikely that the observed high intensity,

symmetrical peak centered at 114 nm could be an artifact.

Third, under the assumption that the non- labile complexes were mainly Zn bound to humic
substances, the SP-ICPMS was also coupled to an XAD1180N resin designed to remove natural
organic matter (Figure 3e, 3f). Following passage of the sample through this resin, the background
signal of dissolved Zn decreased both with respect to samples run without the columns (SP-
ICPMS; Figure 3a) and when compared to samples that were run through the Chelex column (IEC-
SP-ICPMS; Figure 3c). Nonetheless, following elution through the XAD, particle diameters
decreased only slightly with respect to the Chelex treatment (120.1 + 5.5 nm (XAD) vs. 136.9 +
3.3 nm). For both resins, particle numbers were substantially higher (~10x) than those measured
by SP-ICPMS. In addition, a similar result was obtained when the XAD and Chelex resins were
run sequentially- XAD-IEC-SP-ICPMS gave particle sizes that were not significantly different
from results determined for the XAD alone. While the use of the XAD allowed us to conclude that
particle agglomeration was indeed occurring in the natural water; unlike the observations for the
Chelex resin, there was some evidence that the XAD was removing a fraction of the nZnO, likely
the larger particles and agglomerates. Given the observed particle losses, the use of this resin was
discontinued. Based upon the above reasoning, we concluded that the observed increase in particle
size in the river water likely resulted from both increased agglomeration and decreased dissolution

of the nZnO, when compared to the Milli-Q water.

13
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Table 1. Speciation of the ZnO nanoparticles in the Des Prairies River water and in wastewater
effluent (Montreal treatment facility) using single particle ICPMS coupled with a Chelex 100 resin.

For each matrix, samples were spiked with two different nZnO concentrations, initially 36.8 or

96.3 ug L! for surface water and 50.1 or 93.7 pg L'! for wastewater.

Surface water

Wastewater effluent

Total Zn (ug L) 36.8 96.3 50.1 93.7

Particle number

concentration (107L™) 8.9+0.3 12.8£0.3 0.7 £0.05 5.6+0.3

Average Particle Size 136.9+3.3 170.7 £ 1.7 171.6 £4.0 215.0 £ 1.4

(nm)

Most frequent size (nm) 1141 +1.6 125.5+1.3 153.4+0.6 167.3+£0.3

Particulate Zn (%) 32+0.1 39+0.3 0.6+0.1 3.5+0.3
2+ .

Zn™ and labile Zn 87.8 0.7 91.0 £0.7 51.6+0.8 64.1 £ 1.8

complexes (%)

Strong Zn complexes (%) 9.0£0.6 5104 47.8+0.7 324+£1.5

nZnO in a wastewater effluent. The same nZnO nanoparticles (50.1 and 93.7 pg L' Zn; 50 nm
nominal diameter) were added to a wastewater effluent and analyzed by SP-ICPMS and IEC-SP-
ICPMS (Table 1; Figures 4, S7). As above, the vast majority of Zn (99.4 + 0.1%) was initially
attributed to the dissolved fraction by SP-ICPMS. Coupling of the Chelex resin lowered the
background signal considerably, but it did not substantially increase particle numbers (Figures 4,
S7). Indeed, particle numbers were >6x lower than for similar nZnO additions made to the surface
water and accounted for only <3.5 0.3 % of the total Zn. When compared to the Milli-Q water,
a similar nZnO spike (50 ug L' Zn) gave 14x fewer particles in the wastewater effluent but a
higher particle mass concentration (304.3 ng L' in wastewater; 100.2 ng L' in Milli-Q). As

observed above, nanoparticle diameters were smaller when the Chelex resin was used, however,

14



250  the mean particle size (171.6 + 4.0) was still much larger than the nominal particle size (50 nm) or
251  that observed in the other media (MilliQ water: 65.4 = 0.5 nm; River water: 136.9 + 3.3 nm).
252 Furthermore, when the concentration of the nZnO spike was increased from 50.1 to 93.7 ug L™,
253 both the particle number concentration (8x) and the mean particle size (171 to 215 nm) increased
254  substantially. As shown previously® and in the river water, these results suggested that particle
255  dissolution increased with increasing dilution but that in addition to dissolution, a significant
256  fraction of the nZnO losses were probably due to agglomeration/ heterocoagulation, which would
257  be consistent with the much greater hardness of the effluent water as compared to the river water
258  (Table S1). Coupling with the Chelex re-affirmed that, in the wastewater effluent, most (96.5 + 0.3

259 %) of the nZnO could be attributed to the dissolved fraction (Figure 4, Table 1).
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Figure 4. Time resolved signal for a suspension of ZnO nanoparticles (50 nm nominal diameter,
93.7 ug L! total Zn) in a wastewater effluent (Montreal treatment facility) acquired (a) without
passage through a resin (i.e. classical SP-ICPMS) and (c) following passage through an online
Chelex 100 resin (IEC-SP-ICPMS). Respective size distributions for the data: (b) SP-ICPMS, (d)

[EC-SP-ICPMS.

Zn nanoparticles in unspiked waters. The IEC-SP-ICPMS technique that was developed above
was also used for the direct analysis of the natural waters without the addition of a ZnO spike. As
above, the majority of Zn was in the dissolved form, however, particulate Zn was also clearly
present (Figure 5), where it was found at a very low concentrations of about 5 ng L™! in the surface
water and 50 ng L' in the effluent (Table 2). In all cases, the number of detected particle events
was below 100 (sample analysis time of 50 s), which makes the determination of particulate Zn
more qualitative than quantitative. Furthermore, given that the composition of the Zn nanoparticles
(and thus their density and %Zn) was unknown, it was only possible to estimate particle
concentrations and particles sizes (+ca. 50%). For example, based on the assumption that the
particle was a spherical zinc oxide, particles would account for 0.1% of the Zn in the river water
(mean size of 69 nm, Fig. 5¢) and 0.4% of the Zn in the effluent (mean size of 141 nm, Fig. 5d).
Based upon these particle numbers, the contributions of the naturally occurring (or incidental)
nano-particulate Zn to the spiked waters was not significant (except for the lowest spiked
concentrations of nZnO in the wastewater where the incidental nanoparticles would have

contributed ca. 16% of the particulate signal).

16
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Figure 5. Particle size distributions for the unspiked samples: (a) the Des Prairies River water and

(b) the wastewater effluent (Montreal treatment facility).

Table 2. Concentration of dissolved and particulate Zn (naturally or incidentally occurring
nanomaterials) in the Des Prairies River water and the wastewater effluent (Montreal treatment
facility) samples. Average particle sizes were estimated as mass equivalent diameters under the

assumption of a spherical ZnO.

Surface water Effluent waste water
Particulate Zn (ug/L) 0.005 +0.001 0.049 £ 0.001
Dissolved Zn (pg/L) 0.636 £ 0.001 12.194 + 0.001
Average particle size (nm) 69 £ 2 141 +£6

Environmental relevance. To our knowledge, except for imaging techniques and at relatively
high concentrations’ '>** this paper represents the first characterization of ppb levels of nZnO in
natural water samples. While it was previously impossible to measure nZnO using SP-ICPMS due
to their high dissolution, the coupling SP-ICPMS with resins designed to reduce background

(dissolved) Zn should allow for their characterization and detection at environmentally relevant

17
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concentrations, in both toxicological and environmental media. Using this technique, it should be
possible to gain valuable insight not only with respect to the size and concentration of the

nanoparticles, but also on their fate in natural matrices.
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