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As a consequence of their widespread use, titanium dioxide nanoparticles (TiO2NPs) have been released into the
environment where they can act as stressors towards biota. For the assessment of the environmental impact of
these NPs it is important to quantitatively determine their concentration, size distribution and the dissolved Ti
fraction in different water samples. In the present work, a new analytical approach was applied for sizing and
quantitative determination of TiO2NPs (anatase and rutile) and dissolved Ti in aqueous samples by the use of sin-
gle particle inductively coupled plasma mass spectrometry (SP-ICP-MS). The accuracy of the quantification of
TiO2NPs by SP-ICP-MS was verified by calculating the recoveries between the determined and expected Ti con-
centrations (90–100%). The size distributions of TiO2NPs calculated by SP-ICP-MS (108 ± 10 nm for rutile, 29 ±
2 nm for anatase)were in a good agreementwith data obtained by TEM (96–106 nm for rutile, 21–38 nm for an-
atase) and DLS (117 ± 22 nm for rutile, 42 ± 30 nm for anatase). The influence of different dwell times on the
sizing and quantification of nanoscale titanium dioxide was also examined. Low limits of detection for NP diam-
eter (37 nm) and NP concentration (3.69 × 10−3 ng Ti mL−1 for rutile and 0.058 × 10−3 ng Ti mL−1 for anatase)
were obtained. In order to apply the procedure developed for the sizing and quantification of TiO2NPs in environ-
mental waters, the severe Ca isobaric interference atm/z 48was overcome bymeasuring the Ti onm/z 47. It was
demonstrated that the procedure optimized for the determination of Ti in environmental waters can be applied
in the sizing and quantification of TiO2NPs in river water samples spiked with nanoscale anatase and rutile.
. This is
©2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Titanium dioxide nanoparticles (TiO2NPs) are the third most com-
mon nanomaterials and are used in a wide range of applications [1].
As a white pigment, they are added to foodstuffs, paints and coatings
and are, due to their UV light resistant properties, used in photocatalytic
sensors, pharmaceuticals and cosmetics, e.g., toothpaste and sunscreens
[2]. Due to their increasing production and use, TiO2NPs have been re-
leased into the environment, where their presence represents a poten-
tial health threat for living organisms. Many studies that have been
performed in vivo and in vitro have shown several impacts of TiO2NPs
on algae, higher plants, aquatic and terrestrial invertebrates and fresh-
water fish. This is related to the formation of reactive oxygen species,
causing oxidative stress in organisms and damaging lipids, carbohy-
drates, proteins andDNA [3–5]. Moreover, TiO2NPs can enhance the up-
take and toxicity of other pollutants (metal ions) [6]. Their toxic effects
in biological systems largely depend on their concentration, surface
an open access article under
properties and size [7], as well as on the crystallinity of the TiO2NPs. It
has been demonstrated that only TiO2NPs in the anatase crystalline
phase induce the generation of reactive oxygen species [8], while the
mixture of anatase and rutile causes mild DNA damage in human intes-
tinal Caco-2 cells [9].

TiO2NPs are likely to occur in the environment in the highest con-
centrations from among all engineered NPs. They can be found in treat-
ed wastewaters, sewage sludge, surface waters, sludge treated soils and
sediments [10]. Detecting NPs in environmental samples is one of the
greatest challenges due to their low concentrations in the environment
(below ng L−1) and complex matrices that can potentially change the
NPs physico-chemical properties. Under different environmental condi-
tions, such us pH, ionic strength and the presence of natural organic
matter (NOM) or natural NPs, the aggregation, sedimentation and dis-
solution of NPs or their attachment to natural colloids can occur [11].
Multivalent cations, such as Ca2+, significantly reduce the NPs stability,
while NOM, such as humic or fulvic substances, at low cation concentra-
tions (low ionic strength) increases the stability of the NPs, preventing
their aggregation [12]. Most TiO2NPs have a point of zero charge (PZC)
in the range of neutral pH values and thus aggregate rapidly in natural
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
ICP-MS operating parameters for quantification and sizing of TiO2NPs by SP-ICP-MS.

Parameter Type/value Ti Ag

Sample introduction
Nebuliser MicroMist
Spray chamber Scott
Skimmer and sampler cone Ni
Sample depth 8 mm
Nebulizer pump 0.3 rps

Plasma conditions
Forward power 1550 W
Plasma gas flow 15.0 L min−1

Carrier gas flow (Ar) 0.98 L min−1

1.05 L min−1

Dilution gas flow (Ar) 0.3 L min−1

Makeup gas flow (Ar) 0.1 L min−1

Collision gas flow (He) 4.3 mL min−1

Auxiliary gas flow 0.9 L min−1

Data acquisition parameters
Data acquisition mode TRA
Integration time per isotope 3 ms, 5 ms, 10 ms 3 ms
Total acquisition time 30 s, 50 s, 100 s 30 s
Isotopes monitored 48Ti, 47Ti 107Ag
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water samples [13]. Some NPs can also undergo dissolution reactions in
the environment, which may cause a high local concentration of dis-
solved metal [5].

To follow the behaviour of NPs in the environment, a wide range of
analytical procedures such as liquid chromatography (LC) andfield flow
fractionation (FFF) coupled to ICP-MS have been used for their sizing
and quantification. As complementary techniques for determining the
size distribution and the aggregation state of NPs, different microscopic
techniqueswere applied [14–17]. Thesemethods have some limitations
in environmental applications, since theNPs concentrations in real sam-
ples are lower than their limits of detection and they require sample
preparation and sample treatment duringwhich the original NP proper-
ties can be altered. In order to separate the particulate and dissolved
forms of the element, dialysis, filtration and ultracentrifugation can be
used [18]. However, their limitation is the possible aggregation or ad-
sorption of filtered NPs on the membrane surface [19].

As an alternative to separation procedures, a novel single particle SP-
ICP-MS approach for the quantification and characterization of metal-
containing NPs has been developed by Degueldre et al. [20–22]. The
major advantages of SP-ICP-MS over other techniques for NP character-
ization and quantification are the minimal sample preparation, the su-
perior sensitivity and the element specificity that may overcome
complexmatrices with background particles. SP-ICP-MS provides infor-
mation about the NPs concentration and size distributions at mass con-
centration levels down to ng L−1 [23]. It also enables the simultaneous
measurement of both the dissolved and particulate forms as well as a
size distribution analysis for polydispersed NPs [24,25]. For SP-ICP-MS
measurements, the suspensions of NPs need to be sufficiently diluted
(ng L−1 level) and short integration times (10 ms or less) used in
order to measure the intensity of a single particle as a single pulse.
Under such conditions, the frequency of the pulses is proportional to
the number concentration of NPs and the intensity of each pulse is relat-
ed to the NP size. The SP-ICP-MS technique has so far been applied for
the characterization of TiO2NPs [26] inwastewater effluent [27], surface
water samples [28], drinking water [29] and in sunscreens [30].

To date, there are a lack of analytical procedures that would enable
the characterization of TiO2NPs in environmental samples as well as
the simultaneous quantification of nanoscale and dissolved Ti forms.
Therefore, there is a need for reliable and sensitive analytical methods
for the determination of TiO2NPs concentration and size distribution
under environmental conditions. The aim of our work was to optimize
the analytical procedure for sizing and the simultaneous quantification
of TiO2NPs (anatase and rutile) and dissolved titanium by SP-ICP-MS
and to apply the procedure to an analysis of environmental water
samples.
2. Experimental

2.1. Instrumentation

SP-ICP-MSmeasurements were performed on a model 7900 ICP-MS
instrument from Agilent Technologies (Tokyo, Japan) equipped with a
quadrupole mass analyser. The operating parameters (summarized in
Table 1) were optimized for plasma robustness and sufficient
sensitivity.

For the stabilization of the TiO2NPs during the analytical procedure
the samples were sonicated with an ultrasonic homogeniser, 4710 se-
ries, Cole-Parmer Instrument Co. (Chicago, IL, USA), equipped with a
6 mm diameter microprobe. It operated at a 10% power output and in
the 50% pulsed operation mode for 3 min.

The morphology of the TiO2NPs powders was characterized using a
transmission electron microscope (TEM) with an accelerating voltage
of 200 kV (Jeol 2100, Tokyo, Japan). Prior to the TEM analysis, the inves-
tigated powders were dispersed in EtOH, deposited on a Cu TEM grid
and dried in air.
The size distribution of the TiO2NPs was determined by dynamic
light scattering (DLS) technique using Brookhaven NanoBrook OMNI
Particle Size Analyser (Brookhaven Instrument Corporation, NY, USA).
Prior to the DLS measurements, suspensions containing 0.2 mg/mL of
rutile or 2 mg/mL of anatase were prepared in MilliQ water by the use
of ultrasonication. The DLS characteristics of the measured samples
were determined by averaging the results of three consecutive mea-
surements (each in 10 runs) obtained for the one diluted working
suspension.

A Mettler AE 163 (Zürich, Switzerland) analytical balance was used
for all the weighings.
2.2. Materials and methods

Milli-Qwater (18.2MΩ cm) (Millipore, Bedford, MA, USA)was used
for the sample preparations and sample dilutions. Standard TiO2NPs dis-
persionswere prepared using anatase TiO2 nanopowder (b25 nmparti-
cle size, spherical shape) (#637254) and rutile TiO2 nanopowder
(b100 nm particle size, rod shape with diameter of about 10 nm and
length of 40 nm) (#637262) from Sigma-Aldrich (St. Louis, USA). The
declared specific surface areas of the anatase and rutile were 45–
55 m2 g−1 and 130–190 m2 g−1, respectively. The declared densities
at 25 °C for the anatase and rutile were 3.9 gmL−1 and 4.17 gmL−1, re-
spectively. According to the manufacturer, the rutile nanopowder can
contain up to 5 wt% silicon dioxide (SiO2) as a surface coating.

Standard dispersions of silver NPs (AgNPs)with 20 and 40 nmdiam-
eters, purchased from Sigma-Aldrich (St. Louis, USA), and gold NPs
(AuNPs) RM 8012 with 30 nm diameters, from NIST (Maryland, USA),
were used for the determination of the transport efficiency. The AgNPs
suspensions were supplied at a nominal concentration of 20 ±
1 μg Ag L−1 and were stabilized in an aqueous sodium citrate buffer,
while the AuNP suspensions were supplied at a nominal concentration
of 48.17 ± 0.33 μg Au L−1. The declared nominal sizes, determined by
TEM, were 20 ± 4 nm and 40 ± 4 nm for the AgNPs and 27.6 ±
2.1 nm for the AuNPs. The AgNP and AuNP suspensions were made by
diluting the stock solution with water to final concentrations ranging
from 0.010 ng mL−1 to 2 ng mL−1.

The dissolved Ti and Ag stock standard solutions (Merck) of 1000±
4 mg L−1 were used for the preparation of the calibration curves. They
were prepared in 0.1% nitric acid in the concentration range from
0.010 ng mL−1 to 10 ng mL−1.
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2.3. Sample preparation

Approximately 10mg of anatase or rutile were dispersed in 50mL of
water and sonicated for 3 min using an ultrasonic homogeniser with a
probe. The suspensionswere then immediately diluted in several subse-
quent dilution steps to obtain the final suspensionswith a Ti concentra-
tion ranging from 0.001 to 1 ng mL−1. All the experiments were
performed in at least two replicates. The procedure for efficient disper-
sion of TiO2NPs applied in the present study was previously optimized
in our group [31]. Various procedures for stabilization of TiO2NPs in so-
lution (mechanical shaking, ultrasonication and the use of different dis-
persing agents e.g. PEI 600, Darvan C and Triton X-100) were examined.
The results indicated that TiO2NPs can be effectively dispersed in water
by ultrasonic homogeniser with probe, or by combining ultrasonication
and PEI 600 or Darvan C as dispersing agents. Nevertheless, for SP-ICP-
MS measurements, dispersions of TiO2NPs were prepared in water,
since other dispersing agents have different transport efficiencies than
aqueous NPs dispersions [32].

Since themicroprobe's material of ultrasonic device is made from ti-
tanium, its potential contribution to the blank value was tested. There-
fore, 50 mL of MilliQ water was ultrasonicated for 3 min, and TiO2NPs
and dissolved Ti were determined under the same conditions as the in-
vestigated samples (same dilution steps and instrumental parameters).
The concentrations of the TiO2NPs and the dissolved Ti determined in
the blankwere below the LODs, showing that microprobe does not con-
tribute to the extraneous contamination.

To determine Ti mass concentration in river water spiked with ana-
tase or rutile, previously developed microwave assisted digestion was
applied [31]. Briefly, 10 mL of anatase or rutile suspension was trans-
ferred into 100 mL high-pressure Teflon vessel and 4 mL of HNO3,
2 mL of HF and 1 mL of HCl were added. The sample was subjected to
closed vessel microwave digestion (ramp to temperature 200 °C in
30min, hold at 200 °C for 60min). Then 6mL of H3BO3 (4% aqueous so-
lution) was added to dissolve fluorides and to complex the residual HF
and contents again digested (ramp to temperature 200 °C in 15 min,
hold at 200 °C for 30min). Clear solution was quantitatively transferred
to 50 mL graduated Teflon flask and appropriately diluted prior to the
determination of Ti concentration by ICP-MS.

For sizing and quantification of the TiO2NPs in environmental wa-
ters, a water sample, collected from the Sava River (Litija, Slovenia) dur-
ing the first sampling campaign of the EU 7th FW funded GLOBAQUA
project [33] in September 2014, was used. The samples were taken in
1 L polyethylene bottles and immediately transported to the laboratory.
Since the riverwater contained a large amount of suspended particulate
matter (62 mg L−1), before the analysis both samples were filtered
through 0.45 μm syringe CE filters (Minisart, Sartorius Stedim Biotech
GmbH, Goettingen, Germany) in order to prevent the introduction of
particulate matter into the ICP-MS system. Known amounts of anatase
or rutile were then added to sample aliquots and the sample prepara-
tion for the SP-ICP-MS measurements was applied, as described above.
In order to check whether TiO2NPs are retained on the filters, filtration
of nanoscale rutile and anatase suspensions was performed through
0.45 μm filters. It was found out that TiO2NPs were not adsorbed on
the filters.

2.4. SP-ICP-MS measurements

For the SP-ICP-MSmeasurements the data acquisition for the instru-
ment was set to time-resolved-analysis (TRA) mode in order to collect
the intensity for a single particle as it is vaporized and ionized in the
plasma. The measurement duration for each run of TiO2NPs and
AgNPs was 100 s, 50 s or 30 s with a short integration dwell time of
10 ms, 5 ms or 3 ms per reading, respectively. The peristaltic pump
was set to 0.3 rps for all the experiments, which corresponded to a sam-
ple flow rate of 0.996± 0.020mLmin−1. The average flow rate was de-
termined daily byweighing the amount of ultrapurewater aspirated for
1 min. Ti and Ag in standard aqueous solutions were analysed at their
most abundant isotopes 48Ti (73.72%) and 107Ag (51.84%), respectively.
To overcome any possible polyatomic interferences from sulphur and
nitrogen [34], the 48Ti isotope was monitored in helium collision
mode (4.3 mL min−1 He gas flow). To demonstrate that the He mode
contributes to a lower baseline, a comparison was made between the
measurements of the 48Ti isotope in the No gas mode and the He
mode. As expected, a lower sensitivity of themeasurement was obtain-
ed in the He mode (18.4 counts per μg Ti L−1) than in the No gas mode
(681 counts per μg Ti L−1). However, due to the efficient removal of the
polyatomic interferences, a lower baseline was obtained in the He
mode, resulting in lower LODs for the dissolved andnanoscale Ti. There-
fore, the He mode was chosen for all the experiments in the present
study.

Since the 48Ti isotope suffers from isobaric interferences of 48Ca, an
element commonly present in high concentrations in environmental
waters, the less sensitive 47Ti (7.3%) isotope was monitored in the
river samples. The intensity data (counts per dwell-time interval as a
function of time) were recorded using the ICP-MS Mass Hunter soft-
ware, and exported to an Excel spreadsheet (Microsoft) for further
data processing.

2.5. Determination of the transport efficiency of the NPs

Due to its low transport (nebulization) efficiency (ηneb), only a small
fraction of the NP suspension reaches the ICP, where the particles are
vaporized and ionized. When the NPs are sufficiently diluted, a single
NP is detected by the ICP-MS as a single pulse or event. Establishing
an accurate ηneb, defined as the ratio of the amount of analyte entering
the plasma to the amount of analyte aspirated, is crucial for the quanti-
fication and sizing of NPs. In our study, the particle size method for the
determination of ηneb described by Pace et al. was applied [35]. Intensi-
ty-mass calibration curves were established using Ag standards in dis-
solved form and reference monodispersed AgNPs with known particle
sizes. The most common pulse intensities (i.e., the peak positions of
the raw data histogram) were plotted against the total mass entering
the sample introduction system. By assuming that nanoparticulate Ag
behaves in the same way as dissolved Ag in the plasma, the ratio of
the slope of the calibration curve of dissolved Ag (mdiss) over the slope
of the calibration curve of particulate Ag (mNP) will give the accurate
ηneb. ηneb was measured daily and was found to be 4.7 ± 0.2%.

To check the accuracy of the transport efficiency determined by the
AgNPs, the same experiments were also performed using AuNPs. Good
agreement between the transport efficiencies determined by the
AgNPs (5.3%) and the AuNPs (5.5%) was obtained.

3. Results and discussion

3.1. Size and size distribution of TiO2NPs determined by TEM and DLS

In order to determine the size of two commercial TiO2NPs powders,
TEM images of nanoscale anatase and rutileweremeasured and are pre-
sented in Fig. S1 (Supplementary). The primary particles of rod shaped
rutile observed in the TEM images have diameters between 24 and
30 nm and lengths between 96 and 106 nm (left-hand image). Ob-
served is also the formation of aggregates larger than 160 nm (right-
hand image). The primary particle size of spherical nanoscale anatase
is between 21 and 38 nm (left-hand image) with aggregates larger
than 100 nm (right image). The particle sizes of the rutile NPs deter-
mined by TEM are larger than those reported by the manufacturers
(10 nm in diameter and 40 nm in length), which could be attributed
to the NPs aggregation during storage.

The sizes and size distributions of the nanoscale rutile and anatase in
aqueous solutions were further examined using the dynamic light scat-
tering (DLS) method (Fig. S2) (Supplementary). The data from the DLS
measurements were expressed as the average diameter for the size, and
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the full-width-at-half maximum for the size distribution. The DLS mea-
surements indicate that nanoscale rutile dispersed in water using
ultrasonication has average diameters of 33 ± 6 nm and 117 ±
22 nm, and aggregates with diameters larger than 170 nm. For nano-
scale anatase the size distribution with an average diameter of 42 ±
30 nm was determined. Considerable aggregation also occurred,
which was evident from two larger peaks (100 to 300 nm and 1000 to
3000 nm). The data on the size and the size distributions of the
Fig. 1.Data processing for thedetermination of the size distribution of TiO2NPs using SP-ICP-MS
and anatase (0.6 ng Ti mL−1) (A-1); corresponding signal distribution histograms for dissol
standards) created for particle size calculation (D-3); calibration curve created for the calcula
in rutile (R-3) and anatase (A-3). SP-ICP-MS measurements were performed at 10 ms dwell
present work). Symbols b interception of the mass flux calibration curve with ordinate (co
fraction of metal in the nanoparticle Ibgd signal intensity of the background (count) Ip
(count event μg−1) mp mass of a particle (μg event−1) qliq sample flow rate (mL min−

efficiency ηneb transport efficiency ρ particle density (g mL−1).
nanoscale rutile and anatase obtained by DLS are in good agreement
with the sizes determined by TEM.

3.2. Determination of TiO2NPs size and size distribution by SP-ICP-MS

The intensity of the pulse generated by a single NP and detected by
ICP-MS can be related to the NP size only if the composition, shape
and density of the NP are known. Ideally, for the most accurate
. Time scans for dissolved Ti (0.5 ngTimL−1) (D-1), TiO2NPs in rutile (0.2ng TimL−1) (R-1)
ved Ti (D-2), TiO2NPs in rutile (R-2) and anatase (A-2); calibration curve (dissolved Ti
tion of the mass of an individual particle (D-4); size distribution histograms for TiO2NPs
time (the schematic presentation is adapted from ref. [34], while the data are from the
unt) C dissolved Ti mass concentration (μg L−1) d particle diameter (nm) fa molar
signal intensity of a particle (count) m slope of the mass flux calibration curve

1) td dwell time (ms) ti acquisition time (s) W mass flux (μg s−1) ηi ionization

Image of Fig. 1


Fig. 3.Ratio between the determined and expected Timass concentrations as a function of
dwell time for two Ti mass concentrations (0.003 and 0.006 ng Ti mL−1 for anatase and
0.03 and 0.06 ng Ti mL−1 for rutile) of TiO2NPs measured by SP-ICP-MS. Results
represent the mean value of three replicates with the standard deviation of the
measurements.
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determination of NPs size by SP-ICP-MS, reference nanoparticles with
well-characterized properties of the same elemental composition as
sample analysed should be used. However, for TiO2NPs no suitable ref-
erence materials in monodispersed form with well-characterized size
exist. Therefore, for sizing, dissolved Ti standards were used to prepare
a calibration curve by plotting the mass concentration versus the signal
intensity of the dissolved Ti solutions. The procedure applied in our
study is awell-known andwidely used by numerous researchers for dif-
ferent NPs types [26–30,35–37]. To obtain a time scan, a solution of dis-
solved 48Ti was measured by SP-ICP-MS (Fig. 1).

The time scan (Fig. 1, D-1) was converted into a signal distribution
histogram (Fig. 1, D-2) and the most common Ti pulse intensity was
plotted versus the concentration of dissolved Ti (Fig. 1, D-3) in order
to create the calibration curve. The Ti mass concentrationwas then con-
verted into the total mass transported into the plasma, the mass flux
(W), through the transport efficiency (ηneb), the sample flow rate
(qliq), the dwell time (td) and the Ti mass concentration (C) using Eq.
(1) (Fig. 1, D-4). ηneb was determined using standard AgNPs, as de-
scribed in the Section 2.5. Determination of transport efficiency of NPs.
The slope of the calibration curve in Fig. 1 D-4 and its interception
with the ordinate were inserted into Eq. (2) for the calculation of the
mass of an individual particle.

Time scans of the TiO2NPs in rutile (Fig. 1, R-1) and anatase (Fig. 1, A-
1) were measured and converted into signal distribution histograms
(Fig. 1, R-2, A-2). Before sizing, the background intensitywas subtracted
from the TiO2NPs pulse intensity. The most important contribution to
the background intensity arises from the dissolved component of the el-
ement in the solution, isobaric and/or polyatomic interferences (if these
are not adequately eliminated) and the instrument background. A crite-
rion based on three times the standard deviation of the continuous
background was selected for the discrimination of the NPs pulses from
the background [23]. First, the full data set was averaged, and pulses
above 3σ (standard deviation)were separated. This process was subse-
quently repeated, until the baseline concentration remained at a con-
stant value. Then, once the baseline was established, pulses above 3 σ
were gathered and defined as NPs. Finally, in order to calculate the par-
ticle mass (mp), the average background intensity (Ibgd) was subtracted
from the individual pulse intensities (Ip) of the TiO2NPs dataset (Fig. 1,
A-2, R-2) and inserted into Eq. (2) along with the ionization efficiency
(ηi) and the molar fraction of the metal in the nanoparticle (fa). Each
particle mass was then converted into a particle diameter (d) with the
use of the particle density (ρ) in Eq. (3), which enabled to create a
size distribution histogram (Fig. 1, R-3, A-3) [35].
Fig. 2. Ratio between the determined and expected Timass concentrations as a function of
Ti mass concentration for anatase and rutile TiO2NPs, measured by SP-ICP-MS at 10 ms
dwell time. Results represent the mean value of three replicates with the standard
deviation of the measurements.
It is clear that a large number of pulses above the background are ob-
tained for anatase (Fig. 1, A-1) and rutile (Fig. 1, R-1) NPs, whereas a
continuous background signal with only a few single pulses can be
seen for the dissolved Ti (Fig. 1, D-1). Namely, dissolved Ti is continu-
ously introduced into the plasma, where a constant number of atoms
are ionized and detected, while the TiO2NPs in a sufficiently diluted sus-
pension are not homogeneously distributed. Therefore, only a small
fraction of aerosol droplets containing one NP are aspirated into the
plasma, ionized into the packet of ions and detected as a single pulse.
The lower intensity of pulses for the TiO2NPs in anatase (Fig. 1, A-1) in
comparison to rutile (Fig. 1, R-1) is related to the smaller NPs in the an-
atase. From the data in Fig. 1 (R-3 and A-3), where the SP-ICP-MS mea-
surementswere performed at 10msdwell time, themeandiameters for
the TiO2NPs in the rutile and anatasewere calculated to be 108±10nm
and 29±2nm, respectively (expressed as an average of three replicates
with the standard deviation of the measurements). The corresponding
full-width-at-half-maximum for the size distribution of the nanoscale
rutile was 90 nm. Since the size distribution of the nanoscale anatase to-
wards smaller particle sizes is below the size LOD, the half-width in-
stead of the full-width-at-half-maximum was determined and
calculated to be 15 nm.
Fig. 4. Influence of dwell time on the determination of the mean diameter of TiO2NPs in
anatase (declared size 25 nm) and rutile (declared size 100 nm) by SP-ICP-MS. Results
represent the mean value of three replicates with the standard deviation of the
measurements.

Image of Fig. 4
Image of Fig. 3
Image of Fig. 2


Fig. 5. Time scans (A-1, B-1) and signal distribution histogram (A-2, B-2) for themixture of 40 nmAgNPs (0.5 ng AgmL−1) and dissolved Ag (0.5 ng AgmL−1) and themixture of TiO2NPs
(0.3 ng Ti mL−1, rutile) and dissolved Ti (0.5 ng Ti mL−1), respectively. Measurements were performed by SP-ICP-MS at 3 ms dwell time for the AgNPs and 10ms for the TiO2NPs. Signals
from the dissolved form of the element are fitted to a Poisson distribution, while signals from the particulate form of the element are fitted to a Gaussian distribution.
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The diameters and the full-width-at-half maximum for the rutile
and anatase determined with the SP-ICP-MS analysis are in a good
agreement with the sizes and size distributions obtained from the
TEM and DLS measurements. The peak tailing towards larger particle
sizes is associated with the formation of larger particles due to the NPs
aggregation. This observation is in accordance with the aggregates ob-
served in the TEM and DLS measurements. However, aggregates with
sizes larger than 100 nm for anatase and larger than 160 nm for rutile,
determined with the TEM and DLS analysis, were not observed using
SP-ICP-MS. Namely, the upper size limit for the particle diameter in
the SP-ICP-MS is limited by the selective removal of large particles in
the spray chamber or their incomplete vaporization in the plasma
[36]. On the other hand, the wide size distribution in the histogram of
rutile towards the smaller particle sizes indicates the polydispersed na-
ture of the TiO2NPs in rutile.While TEMandDLS analysis can distinguish
between the diameter and length of the rod-shaped rutile NPs, signal in
SP-ICP-MS analysis carries no information about two dimensions of
non-spherical NPs. Therefore, the mean diameter of rod-shaped
Table 2
Recoveries between determined and expected mass concentrations for the simultaneous dete
represent the mean value of three replicates with the standard deviation of the measurements

TiNP added
(ng mL−1)

Ti(IV) added
(ng mL−1)

TiNP measured
(ng mL−1)

Rutile 0.298 ± 0.006 0.500 ± 0.005 0.298 ± 0.034
0.0323 ± 0.0006 0.050 ± 0.001 0.0312 ± 0.00

Anatase 0.580 ± 0.012 0.500 ± 0.005 0.480 ± 0.020
0.348 ± 0.007 0.500 ± 0.005 0.320 ± 0.064
0.0580 ± 0.0012 0.050 ± 0.001 0.0562 ± 0.00
0.0348 ± 0.0007 0.050 ± 0.001 0.0301 ± 0.00
nanoscale rutile determined by SP-ICP-MS was calculated assuming a
spherical particle shape.
3.2.1. Nanoparticle diameter limit of detection
The NP diameter limit of detection (LODd) is related to the capability

of a NP to produce a pulse with a number of counts equal to three times
the standard deviation (σ) of the background (Milli-Qwater) [24]. From
the background signals (2 counts per 10 ms dwell time) with standard
deviations of 1 count, the theoretical LODd was calculated and found
to be 37 nm. Nevertheless, from the size distribution histograms for
the TiO2NPs in the anatase and rutile crystalline phases (Fig. 1, A-3
and R-3) it is evident that sizing of the TiO2NPs is possible, even for par-
ticles smaller than 37 nm. Alternatively, for calculating the LODd the
smallest pulse height that can be distinguished from the background
was considered [36], and a similar LODd (34 nm for TiO2NPs) was ob-
tained. Similar LODd for TiO2NPs determined at 48Ti isotopewas report-
ed by Dan et al. [30].
rmination of the Ti mass concentration in TiO2NPs and dissolved Ti by SP-ICP-MS. Results
.

Ti(IV) measured
(ng mL−1)

Recovery TiNP
(%)

Recovery Ti(IV)
(%)

0.456 ± 0.031 100 91
24 0.047 ± 0.003 97 94

0.525 ± 0.024 83 105
0.470 ± 0.038 92 94

10 0.0558 ± 0.0007 97 112
33 0.0628 ± 0.001 87 126

Image of Fig. 5


Fig. 6.Time scans of riverwater sample (A), sample spikedwith rutile (0.0256ngTimL−1)
(B) and sample spiked with anatase (0.00113 ng Ti mL−1) (C). SP-ICP-MS measurements
were performed at 10 ms dwell time.
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3.3. Quantitative determination of Ti number concentration in anatase and
rutile

In order to evaluate the capability of the SP-ICP-MSmethod to quan-
titatively determine the Ti number concentration in TiO2NPs, disper-
sions of anatase and rutile with different Ti mass concentrations
(0.003–0.6 ng mL−1) were prepared. First, the mean dissolved back-
ground intensity was subtracted from the pulse intensity using the 3 σ
criterion. The particle number concentration was determined by divid-
ing the frequency of the pulse events by the sample flow rate and the
transport efficiency. The recoveries, defined as the ratio between thede-
termined and expected Ti number concentrations in the TiO2NPs, were
calculated and are presented in Fig. 2.

As evident, with increasing Ti concentrations, the recoveries are de-
creasing, and for the anatase they lie between 108 and 91%,while for the
rutile they are between 110 and 73%. Namely, at higher NP concentra-
tions the occurrence ofmultiple particle events, which are each counted
as a single particle event, is increasing.With an increasing Ti concentra-
tion, the background signal is also increased, which makes it difficult to
detect TiO2NPs that produce signals near the background [18]. These
phenomena led to anunderestimation of the particle concentrations, re-
gardless of their size (anatase or rutile). For this reason, it is important
that the number of particles entering the plasma in one dwell time is
controlled by the appropriate sample flow rate and/or dilution.

3.3.1. Nanoparticle concentration limit of detection
The number concentration limit of detection (LODNP) is related to

the capability of counting three NP events using Eq. (1) [36]:

LODNP ¼ 3� 1
ηnebqliqti

ð1Þ

From Eq. (1) it is evident that a lower LODNP can be achieved by im-
proving the transport efficiency, increasing the sample flow rate, and/or
using longer acquisition times. However, the flow rates should be care-
fully adjusted to prevent multiple particle events and reasonable acqui-
sition times should be chosen. The LODNP for TiO2NPs calculated using
Eq. (1) was found to be 2.3 × 105 NPs L−1. To convert the LODNP to
the mass concentration limits of detection, the size as well as the com-
position and density of each type of TiO2NPs were considered and the
calculated LODNP corresponded to 3.69 × 10−3 ng Ti mL−1 for rutile
and 0.058 × 10−3 ng Ti mL−1 for anatase.

3.4. Influence of dwell time on the determination of the number concentra-
tion and size distribution of TiO2NPs

For the accurate detection of NPs by SP-ICP-MS, the dwell time
should be carefully selected. It should be long enough to collect the en-
tire signal from oneNP and to ensure that themeasurement of oneNP is
not divided between two consecutive dwell times. The partial measure-
ment of a NPwould lead to an underestimate of the particle size and an
overestimate of the particle number concentration. A sufficiently long
dwell time is also important for ensuring an accurate discrimination of
the NP signal from the background signal [27]. On the other hand, the
dwell time should be short enough to avoid the measurement of two
NPs in a single integration period, which would lead to an overestima-
tion of the size of the NPs, and an underestimation of the particle num-
ber concentration [18,23].

In order to evaluate the influence of different dwell times on the
quantification of TiO2NPs by SP-ICP-MS, dwell times of 3, 5 and 10 ms
were applied in measurements of the number concentrations and size
distributions of the anatase and rutile. Aqueous suspensions of anatase
and rutile at different Ti mass concentrations (0.003 and
0.006 ng mL−1 for anatase and 0.03 and 0.06 ng mL−1 for rutile) were
prepared and measured at different dwell times (Fig. 3). The Ti number
concentrations were determined and the recoveries between the
determined and expected Ti in the TiO2NPswere calculated as described
in the Section 3.3. Quantitative determination of Ti number concentra-
tion in anatase and rutile.

From Fig. 3 it is evident that with shorter dwell times the estimated
Ti number concentration and consequently themeasured recoveries are
increasing for the anatase and rutile. As expected, 3 and 5 ms dwell
times are too short for measuring the anatase and rutile for the investi-
gated TiO2NPs concentrations, since particle events within a single
dwell period are only partially measured. The dwell time also affects
the analytical performance of the dissolved Ti fraction. The LODs for

Image of Fig. 6


Table 3
Simultaneous determination of the mass concentration of dissolved Ti and TiNPs in a river water sample by SP-ICP-MS and recoveries between the determined and expected mass con-
centrations in a sample spiked with TiO2NPs (anatase and rutile). Results represent the mean value of three replicates with the standard deviation of the measurements.

Sample/spiked sample
TiNP added
(ng mL−1)

Ti(IV) measured
(ng mL−1)

TiNP measured
(ng mL−1)

Recovery TiNP
(%)

River water / 0.588 ± 0.022 b0.0001 /
Rutile 0.0256 ± 0.0005 0.581 ± 0.030 0.0267 ± 0.0013 104
Anatase 0.00113 ± 0.00002 0.585 ± 0.037 0.00156 ± 0.00008 138
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thedissolved Ti fraction,whichwere determined at 3, 5 and 10msdwell
times, were calculated to be 0.101, 0.071 and 0.045 ng Ti mL−1, while
the slopes of the calibration plots for the dissolved Ti were 28.4, 26.2
and 18.4 counts per μg Ti L−1, respectively. Therefore, a 10 ms dwell
timewas selected due to the lowest LOD, despite the reduced sensitivity
for the determination of the Ti at this dwell time.

The influence of different dwell times on the particle size of TiO2NPs
in anatase and rutile determined by SP-ICP-MS was also evaluated. Dis-
persions of anatase and rutile were prepared at different Ti concentra-
tions and measured at 3, 5 and 10 ms dwell times. The mean
diameters were calculated from the size distribution histograms, fol-
lowing the procedure described in the Section 3.2. Determination of
TiO2NPs size and size distribution by SP-ICP-MS. The results are present-
ed in Fig. 4.

As is evident from Fig. 4, the mean diameters, which represent the
average value of five replicates with the standard deviation of the mea-
surements, are close to those observed in the TEM images. The dwell
times do not have a significant influence on the determinedmean diam-
eters for the anatase and rutile NPs, despite the expected particle split-
ting between subsequent measurements, which may lead to an
underestimation of the mean diameters if the dwell times are too
short. However, a 10 ms dwell time was selected for the quantification
and sizing of the TiO2NPs and the dissolved Ti by SP-ICP-MS due to
the better recoveries for the NPs mass concentration and the lower
LOD for the dissolved Ti fraction at longer dwell times.

3.5. Simultaneous quantification of TiO2NPs and dissolved Ti

In an evaluation of the biological effects of TiO2NPs it is necessary to
distinguish between the dissolved Ti ions and the nanoscale TiO2. In en-
vironmentalwater samples, considerable concentrations of dissolved Ti,
which originate from the soluble Ti compounds, can be present as a nat-
ural background. Although Ti is the ninth-most abundant element ele-
ment in the Earth's crust, it is present in natural water in very low
concentrations due to its very low mobility under almost all environ-
mental conditions. However, some dissolved Ti may be released into
streamwater through theweathering of ferromagnesianminerals, ana-
tase, etc. The Ti concentrations in natural water can range from b0.01 to
16.8 μg L−1, with a median value of 0.9 μg L−1 [37].
Fig. 7. Size distribution histograms for rutile TiO2NPs (0.103 ng Ti mL−1) (R) and for anatase Ti
performed at 10 ms dwell time.
Since there are no adequate monodispersed TiO2NP standards avail-
able, the capability of SP-ICP-MS for simultaneous quantification of
nanoscale and dissolved metal forms was first verified by an analysis
of the monodispersed AgNPs with a 40 nm size in the presence of dis-
solved Ag. In Fig. 5 an example of a time scan (A-1) and a signal distri-
bution histogram (A-2) for 0.5 ng mL−1 of AgNPs in the presence of
0.5 ng mL−1 of dissolved Ag are presented. The SP-ICP-MS measure-
ments were performed at 3 ms dwell time.

In the signal distribution histogram (Fig. 5, A-2), first, the distribu-
tion for low-intensity signals, which represents the dissolved Ag and
background, was fitted to the Poisson distribution, assuming that the
ions randomly reach the detector. The second distribution, which was
fitted to the Gaussian distribution, represents the AgNPs [39]. Once
the dissolved and NP fractions had been resolved, each fraction was
quantified by summing the number of counts for each distribution ob-
tained in the histograms. Before the integration of the NP fraction, the
mean dissolved background intensity was subtracted from the pulse in-
tensity. The integration data was then compared with the calibration
curve obtained with the use of dissolved Ag standards and the mass
concentrations for Ag in the particulate and dissolved form were calcu-
lated [24]. The ratio between the determined and expected Ag mass
concentrationswas found to be 95% for AgNPs and 98% for dissolved Ag.

The same approach was then applied for the simultaneous quantifi-
cation of TiO2NPs and dissolved Ti. For this purpose, dispersions of
nanoscale anatase and rutile in different concentrations, to which dis-
solved Ti was added, were prepared. In Fig. 5, B-1 the time scan for
themixture of rutile (0.3 ng Ti mL−1) and dissolved Ti (0.5 ng Ti mL−1)
is presented, indicating the presence of TiO2NP pulses and a continuous
background of dissolved Ti. The relative numbers of pulses (numbers of
pulses divided by the total number of NP events) were plotted against
pulse intensity, creating a signal distribution histogram (Fig. 5, B-2).
The well-resolved distributions for the dissolved and particulate forms
were fitted to Poisson and Gaussian functions, respectively, and the
mass concentrations of the dissolved Ti and TiO2NPs were calculated.

The results of the recovery tests for the simultaneous determination
of the Ti mass concentrations in anatase and rutile TiO2NPs and the dis-
solved Ti are presented in Table 2.

The data from Table 2 demonstrate that the recoveries for nanoscale
rutile range from97 and 100%, and for dissolved Ti from91 to 94%. It can
O2NPs (0.00113 ng Ti mL−1) (A) dispersed in river water. SP-ICP-MS measurements were

Image of Fig. 7
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be further seen that for anatase these recoveries are between 83 and
97% for the nanoscale Ti form and between 94 and 126% for the dis-
solved Ti form. In general, the lower recoveries for TiO2NPs in anatase
in comparison to rutile may be attributed to the smaller size of the
NPs that can be partially overlapped with the dissolved Ti background,
which makes the discrimination of the dissolved and nanoparticulate
forms more difficult. For the same reason, recoveries higher than 100%
were observed for the dissolved Ti.

3.6. Quantification and sizing of TiO2NPs in river water samples

In order to assess the applicability of the procedure developed for
the sizing and quantification of TiO2NPs in environmental waters, a
river water sample was collected and prepared as described in the
Section 2.3. Sample preparation. It contained 38 mg Ca L−1, which
causes severe isobaric interferences in the determination of Ti at m/z
48. To avoid this type of interferences, the Ti concentrations in the
river water measured by ICP-MS and SP-ICP-MS were performed at m/
z 47, while the He mode was applied to compensate for possible poly-
atomic interferences [33]. The theoretical LODd determined for TiO2NPs
at 47Ti isotope (7.3% abundance) was found to be 55 nm and is higher
than LODd determined at themost abundant 48Ti isotope (73.72% abun-
dance) (37 nm) (see data in Section 3.2.1). Namely, the use of more
abundant isotope contributes to the higher sensitivity and consequently
to the lower LODd. In the literature, LODd determined at 47Ti or 49Ti iso-
topes ranged from 65 to 100 nm [26,29,36,37]. Lower LODd determined
at 47Ti in the present study is related to the low baseline due to the use
of He gas that effectively removes polyatomic interferences in ICP-MS
determination.

The total Ti concentration in the river water determined by ICP-MS
was found to be 0.602±0.012 ng TimL−1, which iswithin the range re-
ported for other naturalwaters [38]. In order to determine the dissolved
and nanoparticulate fractions of Ti in the riverwater SP-ICP-MS analysis
was carried out. The time scan of the river water sample is presented in
Fig. 6, A.

Due to the increased signal intensity of the dissolved Ti in the river
water, which can be seen in the elevated background (enlarged time
scans in Fig. 6), the overlap of the signals for the NPs and the dissolved
fraction is more pronounced. Therefore, to distinguish between the dis-
solved and nanoscale Ti, the 5 σ criterion was chosen [27] and themass
concentrations were determined as described in the Section 3.5. Simul-
taneous quantification of TiO2NPs and dissolved Ti. The concentration of
dissolved Ti was 0.588 ± 0.022 ng Ti mL−1, while nanoscale Ti was
found to be below the LODNP (b0.0001 ngmL−1), since no sources of ti-
tania, e.g. industrial activities or release of nano titania from sunscreens
(swimming in the river),were present in the vicinity. To evaluate the in-
fluence of the sample matrix on the determination of the TiO2NPs mass
concentration and their size, the river water was spiked with different
concentrations of rutile (0.0256 ng Ti mL−1) and anatase
(0.00113 ng Ti mL−1). Corresponding time scans, which clearly indicate
the appearance of TiO2NP pulses and the continuous background of dis-
solved Ti present in the river water, are presented in Fig. 6, B and C,
while the recoveries calculated as the ratio between the determined
and expected TiNPs concentrations are presented in Table 3.

The expected Ti mass concentrations were determined after themi-
crowave assisted digestion of the TiO2NP suspensions [31]. It is evident
that the addition of TiO2NPs to the river water has no influence on the
quantification of the dissolved Ti originally present in the sample.
Good recoveries were obtained for the nanoscale rutile (104%), while
for anatase, with the smaller NPs, the higher recoveries (138%) are
most likely related to the contribution of the dissolved Ti background
to the NPs signal.

For the sizing of the TiO2NPs added to the river water, it was neces-
sary to accurately determine the transport efficiency. For this purpose,
monodispersed AgNPs (40 nm) and dissolved Ag standard solutions
were prepared in the river water and the transport efficiency calculated
as described in the paragraph 2.5. Determination of transport efficiency
of NPs. ηneb for the river water was found to be 3.9±0.2%. Following the
procedure described in the Section 3.2. Determination of TiO2NPs size
and size distribution by SP-ICP-MS, size distribution histograms for
the rutile and anatase in river water were created (see Fig. 7) and the
mean diameters were calculated.

For the rutile added to the river water themean diameter was found
to be 128 nm, while for anatase it was 44 nm. Although the theoretical
LODd (55 nm) is higher than the mean diameter of anatase determined
in the riverwater, it is evident that sizing of the TiO2NPs is possible even
for smaller particles. Slightly larger diameters than those determined for
the rutile and anatase dispersed in Milli-Q water (108 and 29 nm, re-
spectively) can be attributed to the NPs aggregation due to the ionic
strength of the river water.

4. Conclusions

Instrumental parameters were optimized for an accurate sizing and
simultaneous quantification of TiO2NPs (anatase and rutile) and dis-
solved Ti by SP-ICP-MS. Since there is no standard for monodispersed
TiNPs with a reference value for the NPs size, ηneb was determined
using a reference monodispersed AgNP standard. The influence of
dwell time on the sizing and quantification of the TiO2NPs and the dis-
solved Ti fraction was critically evaluated. The optimal dwell time was
found to be 10 ms. Good recoveries between the determined and ex-
pected TiNPs mass concentrations and the calculated size distributions
of the TiO2NPs in anatase and rutile, which agreed well with the sizes
determined from TEM and DLS measurements, confirmed the accuracy
of the developed SP-ICP-MS procedure. Themethod also enables simul-
taneous quantification of the nanoscale and dissolved Ti forms. To over-
come severe Ca isobaric interference with Ti atm/z 48, the 47Ti isotope
was used in the analysis of the riverwater samples. Itwas demonstrated
that the procedure optimized for the determination of Ti in environ-
mental waters can be applied in the sizing and quantification of TiNPs
in river water samples spiked with nanosize TiO2. The concentration
of dissolved Ti in the Sava River (Litija) was 0.588 ± 0.022 ng Ti mL−1,
whereas nanoscale Ti was below 0.0001 ng mL−1, indicating that there
were no sources of titania at this sampling point. At industrially exposed
sites or bathing resorts, the nanoscale Ti can be present in measurable
concentrations and determined by SP-ICP-MS.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.microc.2017.02.030.
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