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7Ti and 48Ti for the determination
of highly polydisperse TiO2 particle size
distributions by spICP-MS†

Guillaume Bucher * and François Auger

Food-grade titanium dioxide (TiO2), also known as the E171 additive, consists of a white water-insoluble

powder commonly used as a food coloring and opacifying agent in various sweets and confectionery. It

is usually found to be highly polydisperse with sizes ranging from 30 nm up to 500 nm. While the

interest in determining the nano-sized fraction (i.e. <100 nm) of this additive is growing, its polydispersity

makes the establishment of a complete particle size distribution (PSD) by single particle inductively

coupled plasma mass spectrometry (spICP-MS) particularly challenging. Currently, most spICP-MS

studies of TiO2 particles rely on the measurement of a single titanium isotope (e.g. 48Ti, 47Ti or 49Ti). On

the one hand, 48Ti is the most sensitive isotope and therefore gives access to the smallest particle sizes

with a risk of being outside the detector linear range when analyzing large particles. On the other hand,
47Ti and 49Ti are less sensitive and therefore give access to larger particle sizes. This study focused on

three food samples from the French market to demonstrate, as proof of concept, the possibility of

combining data from 48Ti and 47Ti isotopes to obtain more representative PSD measurements for some

polydisperse E171 additives. Moreover, this study discusses some limitations regarding detector

saturation, transport efficiency decrease and atomization issues encountered during spICP-MS

measurement of large TiO2 particles.
1. Introduction

The interest in the determination of titanium dioxide (TiO2)
particle size distribution in consumer products has been
growing among EU member state authorities since the publi-
cation of the Regulation EU 1169/2011 which requires [nano]
labeling for ingredients such as titanium dioxide (E171 addi-
tive) if they contain nanoparticles.1 Many techniques are
currently available on the market for this purpose. The Euro-
pean Food Safety Agency (EFSA) recommends the use of
chemically specic methods such as single particle inductively
coupled plasma mass spectrometry (spICP-MS2) and trans-
mission electron microscopy coupled to energy-dispersive X-ray
spectroscopy (TEM-EDX) for the determination of number-
based particle size distributions of complex samples which
might contain other particulate materials.3 Additionally, spICP-
MS presents the advantages of being relatively fast, accessible
(nancially and technically) and widespread, and therefore it is
appropriate for routine analysis.4–6 However, food-grade TiO2 is
oen found to be highly polydisperse with sizes ranging from
30 nm up to 500 nm.7–9 This polydispersity and particularly the
ue Dr Albert Schweitzer, 33600 Pessac,

tion (ESI) available. See DOI:
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presence of large particles with sizes above 100 nm make the
establishment of a complete particle size distribution (PSD)
particularly challenging. During spICP-MS analysis many chal-
lenges should be addressed when particle size increases, such
as (i) detector saturation (i.e. outside the linear range),10 (ii)
transport efficiency (TE) decrease11 and (iii) incomplete particle
atomization.10 Currently, most spICP-MS studies of TiO2 parti-
cles rely on the measurement of 48Ti, 47Ti or 49Ti isotopes alone
and with millisecond dwell times.4,7,8,10,12–15 Studies using
conventional single-quad ICP-MS oen use a collision cell to
reduce polyatomic interferences (e.g. 32S16O or 36Ar12C) on the
48Ti isotope13,14 or simply avoid the use of the 48Ti isotope to
prevent isobaric interference from the 48Ca isotope.7,16 Peters
et al. (2014)12 reported that these interferences usually result in
a continuous background signal which can be distinguished
from the discontinuous particle signal (spikes). In this regard,
the use of microsecond dwell times might also improve peak
detection by reducing the background signal and improving the
peak resolution.17 These interferences could also be reduced or
eliminated by triple-quad ICP-MS in O2 or NH3 reaction
mode.18,19 However, such instruments are not very common in
routine laboratories currently due to their high capital and
operational costs. Nevertheless, 48Ti is the most abundant
titanium isotope (73.72%). This high abundance makes 48Ti the
most sensitive isotope for ICP-MS analysis (especially without
collision gas) and therefore the isotope with the lowest
J. Anal. At. Spectrom.
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background equivalent diameter (BED, particle detection limit
in nm) for spICP-MS analysis when it is not interfered. The re-
ported BED for TiO2 particle analysis based on the 48Ti isotope
ranges from 20 to 50 nm in the literature.12–14,19 However, this
high sensitivity also means that 48Ti is prone to detector satu-
ration when large TiO2 particles are atomized, ionized and
analyzed using ICP-MS as reported by Peters et al. (2015) for
micron-sized SiO2 particles.10 47Ti and 49Ti are less abundant
isotopes (7.44% and 5.41%, respectively). This lower abundance
makes these isotopes theoretically 9.9 to 13.6 times less sensi-
tive for ICP-MS analysis and therefore BEDs are increased for
these isotopes by a factor of 2.15 to 2.39, respectively. Lee et al.
reported practical BEDs in the range of 75–90 nm for 47Ti and
49Ti depending on the signal-to-background discrimination (10
ms dwell time). However, this also implies that these less
sensitive isotopes are less prone to detector saturation and
theoretically 2.15 to 2.39 times larger TiO2 particles might be
analyzed before being outside the detector linear range,
respectively. Overall, the 48Ti isotope gives access to smaller
particles while 47Ti and 49Ti give access to larger particles. The
objective of this study was to determine the polydisperse size
distribution of food-grade TiO2 particles as comprehensively as
possible. Thus, the combination of PSD data from both 48Ti and
47Ti isotopes was studied in order to take into consideration any
particle size ranges and therefore better reect the reality of
some E171 PSDs. Moreover, this study also highlighted some
limitations regarding detector saturation, TE decrease and
atomization issues encountered during spICP-MSmeasurement
of larger TiO2 particles, notably by using well-dened SiO2

microspheres as a model.
2. Experimental
2.1. Chemicals

Citrate coated gold nanoparticle (AuNP) suspensions with
nominal diameters of 60 nm for transport efficiency (TE)
determination and 40 nm for independent control of
measurement dri were purchased from BBI Solutions (Crum-
lin, UK). Non-functionalized silica spherical microspheres in
aqueous suspension with nominal diameters of 300, 500 and
1000 nm were purchased from Bangs Laboratories (Fishers, IL,
USA). Gold, silicon (as (NH4)2SiF6) and titanium (as (NH4)2TiF6)
standard solutions for ICP analysis were purchased from
TechLab (Metz, France). Ultrapure water (18.2 MU cm)
was obtained using an ELGA Purelab Ultra system (High
Wycombe, UK).
2.2. Samples and sample preparation

All the TiO2 containing samples used during this study come
from official sampling by the French authorities (General
Directorate for Competition Policy, Consumer Affairs and Fraud
Control, DGCCRF) on the public market. Three samples were
used: a coconut syrup containing E171 as a white food coloring
agent (A1), typical French wedding hard candies made up of
almonds covered with a mixture of sugar and E171 food
coloring (A2) and so candies with a jelly center and wax glazing
J. Anal. At. Spectrom.
containing E171 food coloring (A3). Sample A1 was mainly used
during the development phase due to its particularly large TiO2

particle size distribution (PSD). Additionally, a subsample B1 of
sample A1 was prepared by preconcentrating the largest TiO2

particles (z200–500 nm). This enrichment was achieved by
repeated centrifugation steps using a Thermo Sorvall swing-
bucket ST16R centrifuge (Langenselbold, Germany) allowing
the sedimentation of the largest particles and removal of the
smallest particles with the supernatant (procedure detailed in
the ESI†). Samples A2 and A3 were therefore prepared and
analyzed according to the following developed method.

Briey, TiO2 containing samples were prepared by suspen-
sion in ultrapure water assisted by sonication for 10 min using
an USC1200D ultrasonic bath (45 kHz frequency and 180 W
maximum absorbed power) from VWR (Fontenay-sous-Bois,
France). The resulting suspensions were cleared of matrix
residues and remaining large TiO2 particles aggregate and
agglomerate by a quick centrifugation step (1500 rpm for 2 min
at 20 �C, i.e., the centrifugal force gradient in the sample (from
the tube bottom to liquid surface) ranging from 200 to 400 g)
corresponding to about 1.2 mm cutoff for TiO2 particles.20 The
resulting supernatant containing TiO2 particles with a size
below 1.2 mm was therefore appropriately diluted in ultrapure
water prior to spICP-MS analysis (additional information
regarding sample preparation is available in the ESI†).

Commercial AuNP and silica microsphere suspensions were
sonicated for 1 min before subsequent dilution in ultrapure
water and analysis.
2.3. spICP-MS analysis

All spICP-MS data in this work were acquired using a Perki-
nElmer NexION 300 with Syngistix soware and Nano applica-
tion (version 1.1) at 100 ms dwell time. All PSD steps were
normalized appropriately (e.g. 2, 10 or 25 nm bins). Extended
descriptions of the instrument parameters for spICP-MS anal-
ysis are listed in the ESI.† All preparations and samples con-
taining particles were systematically homogenized by tube
inversions just before being injected directly via a peristaltic
pump and without the use of an autosampler in order to reduce
as much as possible the risk of particle loss due to settling and
adsorption on lengthy tube walls. The TE was determined daily
based on the size method21 using dissolved Au standards (0–1–
5–10 mg L�1) and a 60 nm AuNP suspension in ultrapure water
(197Au in standard (no gas) mode, Au density: 19.3 g cm�3).
Instrument performance and dri in terms of sizing and
counting were regularly monitored throughout the experiments
using a 40 nm AuNP suspension in ultrapure water as an
independent control sample (given that corrected sizing and
counting rely on correct TE determination with 60 nm AuNPs).
The maximum dri allowed was 5% for sizing and 20% for
counting. Additional information regarding validation of the
60 nm and 40 nm AuNP suspensions used for TE determination
and dri control, respectively, is available in the ESI.†

Analysis of TiO2 particles was achieved by calibration with
dissolved Ti standards (0–5–10–15 mg L�1 in 0.1% v/v HNO3 for
stability purposes) and sequential acquisition of 48Ti and 47Ti
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 47TiO2 and
48TiO2 PSDs of sample A1 and PSD combination (i.e.

48TiO2 data # 150 nm and 47TiO2 data > 150 nm) as the blue area.
Uncertainties were calculated as the standard deviation (SD) of the
triplicate values (n ¼ 3 measurements) and displayed as green and red
areas. For more visibility, SDs are not shown for 47TiO2 PSD size classes
below 70 nm.

Technical Note JAAS

Pu
bl

is
he

d 
on

 2
2 

M
ay

 2
01

9.
 D

ow
nl

oa
de

d 
by

 I
N

IS
T

 -
 C

N
R

S 
on

 6
/1

1/
20

19
 9

:2
1:

11
 A

M
. 

View Article Online
isotopes in standard (no gas) mode for each sample (additional
information regarding evaluation of potential 48Ca isobaric
interference is available in the ESI†). Since the monitoring of
both isotopes was not practically achievable during a single run
with 100 ms dwell time (i.e. fast, continuous switching between
isotope channels every 100 ms), special care was taken in order
to acquire data for each isotope sequentially (i.e. the same
sample was analyzed twice in a row) for the same run time and
without delay while the sample was continuously injected into
the ICP system (Table S3†). It should be noted that the use of an
inductively coupled plasma time-of-ight (TOF) mass spec-
trometer (ICP-TOFMS), which can analyze multiple isotopes
pseudo-simultaneously in ultra-fast scanning mode, might
overcome this limitation which is generally encountered with
conventional quadrupole ICP-MS.22 The equivalent spherical
diameter was calculated directly with Syngistix soware using
a Ti/TiO2 mass fraction of 59.9% and a density of 3.9 g cm�3 for
TiO2 (anatase form). The repeatability and reliability of the
whole procedure (sample preparation and spICP-MS analysis)
were successfully assessed and are presented in the ESI.†

Analysis of SiO2 particles was achieved by calibration with
dissolved Si standards (0–50–100 mg L�1 in 0.1% v/v HNO3 for
stability purposes) and acquisition of 28Si (for 300 and 500 nm
particles) or 29Si (for 500 and 1000 nm particles due to detector
saturation with the 28Si isotope for such large particles) isotopes
in standard (no gas) mode. The equivalent spherical diameter
was calculated directly with Syngistix soware using a Si/SiO2

mass fraction of 46.7% and a density of 2.0 g cm�3 for SiO2 (data
provided by the manufacturer). The TE was determined for each
type of SiO2 microsphere based on the frequency method21 by
taking into account the actual particle concentration (Table S7†)
calculated aer the determination of the total SiO2 concentra-
tions in all three silica microsphere suspensions by ICP-OES
(procedure detailed in the ESI†).

In order to minimize the risk of particle coincidence, all
samples were systematically diluted in cascade and analyzed
until two successive dilutions were obtained with consistent
results in terms of particle concentration (e.g., usually around
2 00 000 particles per mL in the diluted sample), mean diameter
and median diameter. In all cases, the dilution factor and
acquisition duration (e.g. usually from 60 to 300 seconds) were
adapted for each sample in order to measure 500 to 3000
particles per minute and at least 1500 particles per run. The
number of measurement and/or preparation replicates (n) for
each sample is indicated in their respective gure captions.

3. Results and discussion
3.1. 48Ti vs. 47Ti: analysis of coconut syrup (A1)

Fig. 1 presents the TiO2 PSDs obtained for the polydisperse
sample A1 when acquiring 48Ti and 47Ti signals. The 48TiO2 PSD
ranges from 30 to 400 nm while the 47TiO2 PSD ranges from 40
to 600 nm. From this gure we divided the PSD into three
sections: (i) below 100 nm, the 47TiO2 PSD displayed some
irregularities, namely three high frequency classes at 40, 50 and
60 nm (87, 542 and 108, respectively), while 48TiO2 showed
a rather steady increase in frequency from 30 to 100 nm. (ii)
This journal is © The Royal Society of Chemistry 2019
Between 100 and 170 nm 48TiO2 and 47TiO2 PSDs were more
alike and both visually and statistically comparable to each
other. (iii) From 170 nm, 48TiO2 PSD exhibited a steep increase
reaching a maximum frequency of 131 at 270 nm followed by
a rapid collapse in the frequency ending at 400 nm while the
47TiO2 PSD showed a slight increase reaching a maximum
frequency of 59 at 320 nm followed by a smooth decrease in the
frequency ending at 600 nm.

The differences observed in section (i) of the TiO2 PSD could
be explained by the difference in terms of sensitivity for both Ti
isotopes. The background equivalent diameter (BED) which
represents the lowest achievable diameter corresponding to
a particle spike intensity of 1 count aer background subtrac-
tion was calculated (with Syngistix soware) at 17 nm for 48TiO2

and 39 nm for 47TiO2. Moreover, aer measuring a series of 10
blanks (ultrapure water), the actual size limit of detection
(LODsize) lay somewhere between 28 and 36 nm for 48TiO2 while
it lay between 67 and 85 nm for 47TiO2. This means that artifacts
(phantoms or missed particles) arising from an inappropriate
background subtraction by the soware might appear below the
LODsize and therefore explains the three irregularities observed
in the 47TiO2 PSD at 40, 50 and 60 nm. Section (i) of the TiO2

PSD was therefore much better dened by the most sensitive
isotope 48Ti while the 47Ti PSD was clearly incomplete due to its
higher LODsize.

Section (ii) of the TiO2 PSD was very similar in terms of
frequencies for both the Ti isotopes. However, aer testing
a series of different samples, it was found that the best overlap
was usually observed between 100 and 170 nm as demonstrated
later in this work.

Section (iii) of the TiO2 PSD displayed major differences
between 47TiO2 and 48TiO2 PSDs. Saturation of the ICP-MS
detector actually occurred when analyzing particles with sizes
above �250 nm using the 48Ti isotope. This resulted in the
J. Anal. At. Spectrom.
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overestimation of the frequencies from 200 to 300 nm due to
detector saturation and inability to detect TiO2 particles above
�250 nm in diameter correctly. In this regard, the analysis of
47TiO2 demonstrated that the PSD did not end around 400 nm
but continued until almost 600 nm. These observations were
the starting point of this study.

Thus, our objective was to combine 47TiO2 and
48TiO2 PSDs

in order to benet from the advantages of each isotope: using
48Ti data up to 150 nm in order to construct the low end of the
PSD with a better BED and LODsize and to avoid losing infor-
mation in the region of interest regarding regulations (i.e. <100
nm) and using 47Ti data from 150 nm in order to construct the
high end of the PSD, improve the upper limit of detection for
the largest TiO2 particles and reduce PSD bias. This combined
PSD is presented as a blue area in Fig. 1.
3.2. Upper size limit investigation with subsample B1

In order to further study the detector saturation phenomenon,
subsample B1 of sample A1 was prepared by enrichment of the
largest TiO2 particle fraction and removal of the smallest TiO2

particle fraction and analyzed by the developed spICP-MS
method. Fig. 2 shows the TiO2 PSDs obtained for sample B1
when acquiring 47Ti and 48Ti signals. In the same way as for
sample A1, many differences could be spotted between 47TiO2

and 48TiO2 PSDs. The enrichment of sample B1 with larger TiO2

particles was successful since only a few particles were detected
below 100 nm (i.e., 2.1% of the particles for sample B1 vs. 10.5%
of the particles for sample A1) and the frequency hardly reached
a maximum of 12 for 48Ti at 90 nm. From 100 nm up to 170 nm,
both 48TiO2 and

47TiO2 frequencies overlapped as expected and
increased steadily. Above 170 nm, 47TiO2 and 48TiO2 PSDs
diverged signicantly. Indeed, the 48TiO2 PSD increased steeply
Fig. 2 47TiO2 and 48TiO2 PSDs of sample B1, PSD combination (i.e.,
48TiO2 data # 150 nm and 47TiO2 data > 150 nm) as a blue area and
Gaussian fitting of the PSD combination as a solid black line. Uncer-
tainties were calculated as the standard deviation (SD) of the triplicate
values (n¼ 3 measurements) and displayed as green and red areas. For
more visibility, SDs are not shown for 47TiO2 PSD size classes below
70 nm.

J. Anal. At. Spectrom.
to reach a maximum frequency of 298 at 270 nm and collapsed
rapidly ending around 400 nm while the 47TiO2 PSD was shaped
like a smooth Gaussian curve (the solid black line in Fig. 2)
spreading from 100 nm up to 600 nm and centered at 356 nm
with an average maximum frequency of 115 and a standard
deviation of the Gaussian t of 90 nm (obtained with OriginPro
2015 soware). Comparatively, the local maximum of the raw
47TiO2 PSD frequency was 118 at 360 nm. These observations
demonstrated and emphasized the potential loss of informa-
tion due to the saturation of the 48Ti signal when compared to
the 47Ti signal for larger TiO2 particles. This phenomenon was
not related to the use of microsecond dwell time since it was
also observed using millisecond dwell time (10 ms) as detailed
in the ESI.† This saturation phenomenon could be easily visu-
alized during the data acquisition since many particle events
(spikes) reached the same maxima and these spikes might be
clipped as shown in Fig. S2.† The combination of 48TiO2 (#150
nm) and 47TiO2 (>150 nm) PSDs is presented as a blue area in
Fig. 2 and is very similar to the 47TiO2 PSD due to the enrich-
ment of the largest TiO2 particles in sample B1 and removal of
the smallest ones.
3.3. Assessment of TE decrease and atomization issues

Overcoming the ICP-MS signal saturation issue encountered
with microparticles (i.e. TiO2 particles > 100 nm) while main-
taining sufficient sensitivity to measure nanoparticles (i.e. TiO2

particles < 100 nm) is the rst aim to achieve when trying to
characterize large polydisperse TiO2 PSDs. However, one might
also encounter sizing and counting limitations with increasing
particle size due to (i) insufficient residence time in the plasma
to completely atomize and ionize large particles and (ii)
decreasing TE with an increase in particle size, resulting in
partial or total loss of the larger particles even before reaching
the plasma.

In order to study these two limitations and since well char-
acterized monodisperse and sufficiently large TiO2 particles are
hardly available on the market, we decided to study the well-
dened non-functionalized SiO2 microspheres with nominal
diameters of 300, 500 and 1000 nm as a model.

Table 1 presents the sizes and TE determined for each type of
SiO2 microsphere. The rst limitation related to the residence
time of the particles in the plasma was addressed by measuring
the size of each SiO2 microsphere using the reference TE
determined with 60 nm AuNPs. The results shown in Table 1
demonstrated that spICP-MS sizing of SiO2 microspheres
remained fairly accurate (86–95% accuracy) over the 300–
1000 nm range when compared to the mean diameter measured
by DLS. Throughout the experiments, we realized that 500 nm
28SiO2 microspheres were actually on the edge of detector
saturation and a few spikes were actually clipped resulting in
potential underestimation of particle diameter (438 nm) while
sizing was signicantly better for 29SiO2 (492 nm). However,
sensitivity for 29SiO2 was also almost insufficient (LODsizez 350
nm) and particle counting was clearly inaccurate due to a less
favorable signal-to-noise ratio resulting in a very low and biased
TE of 1.3%. This sizing experiment conrmed that once they
This journal is © The Royal Society of Chemistry 2019

https://doi.org/10.1039/c9ja00101h


Table 1 Assessment of SiO2 microsphere sizing and transport efficiency (TE) as a function of particle size. Uncertainties were calculated as the
standard deviation of the triplicate values (n ¼ 3 preparations)

Silica sample

Sizing assessment Transport efficiency assessment

Dmean DLSa (nm)
Dmean spICP-MS (nm)
using TEsize

b %Accuracyc TESilica
d (%) %Accuracy vs. TEsize

b %Accuracy vs. TEfreq
e

300 (28Si) 299 283 � 9 95 � 3 8.4 � 1.0 90 � 12 100 � 15
500 (28Si) 507 438 � 9 86 � 2 10.7 � 0.5 115 � 6 127 � 9
1000 (29Si) 1046 901 � 63 86 � 6 5.2 � 0.5 56 � 5 62 � 7

a Diameter from DLS (Dynamic Light Scattering) data provided by the manufacturer’s certicate of analysis (z-average). b TEsize: the TE reference
value obtained using the size method21 ¼ 9.3% � 0.1%. c % accuracy ¼ Dmean spICP-MS/Dmean DLS. d TESilica: the TE calculated using the
frequency method.21 e TEfreq: the TE reference value obtained using the frequency method21 ¼ 8.4% � 0.2%.

Fig. 3 47TiO2 and 48TiO2 PSDs of sample A2 (hard candy) and PSD
combination (i.e. 48TiO2 data # 150 nm and 47TiO2 data > 150 nm) as
a solid blue line. Uncertainties were calculated as the standard devi-
ation of the triplicate values (n ¼ 3 preparations).
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reached the plasma, 1000 nm SiO2 microspheres had enough
residence time to atomize and ionize properly. Considering that
a perfect SiO2 sphere with a density of 2.0 g cm�3 and a diameter
of 1000 nm contained the same number of atoms as a TiO2

sphere with a density of 3.9 g cm�3 and a diameter of 880 nm,
TiO2 particles with sizes up to about 900 nm could be analyzed
without atomization issues. These results were in agreement
with the observations made by Peters et al. (2015)10 for SiO2 and
TiO2. The analogy between SiO2 and TiO2 was possible based on
the fact that these materials have similar enough melting point
and boiling point as shown in Table S8† and therefore might
behave comparatively in the plasma. Then, TiO2 particles are
most likely to ionize completely since Ti ionization potential is
lower than Si ionization potential.

The second limitation regarding the decreasing TE as
a function of increasing particle size was addressed by deter-
mining the TE based on the frequency method for each SiO2

microsphere (TESilica). These TE values were then compared to
the average TE determined using 60 nm AuNPs and based on
both the size method (TEsize) and the frequency method (TEfreq)
as reference values (Table 1). It should be noted that TEsize is the
actual reference value routinely used in our lab in order to
accurately measure particle sizes and avoid TE underestimation
due to AuNP miscounting. Indeed, the TEfreq is slightly lower
and potentially less precise than the TEsize due to uncertainties
in AuNP number concentration in the standard solution ((2.1 �
0.2)1010 AuNPs per mL) and potential AuNP loss during prep-
aration and in the ICP-MS introduction system (e.g. adsorption
on tube walls, tips and glassware). Results in Table 1 show that
the TE values determined for 300 and 500 nm SiO2 micro-
spheres were in agreement with the reference values with
accuracies ranging from 90 to 127%. No signicant TE decrease
was observed for these particles. In contrast, a signicant TE
decrease of about 40% compared to the TE reference values was
observed for 1000 nm SiO2 microspheres meaning that only
about 60% of these micron-sized particles reached the plasma
compared to 300 or 500 nm SiO2 particles. This phenomenon
would ultimately lead to an underestimation of the frequencies
for large particles in the PSD of a highly polydisperse sample. By
analogy, TiO2 particles larger than about 800 nm might show
a TE decrease by a factor of about 2 taking into account that
a perfect SiO2 sphere with a density of 2.0 g cm�3 and a diameter
This journal is © The Royal Society of Chemistry 2019
of 1000 nm has the samemass as a TiO2 sphere with a density of
3.9 g cm�3 and a diameter of 800 nm. It should be noted that
direct analogy between SiO2 and TiO2 particle behavior was
questionable in this case since particle densities were different
by a maximum factor of about 2.2 depending on the crystallo-
graphic forms as shown in ESI Table S8.† However, it is very
likely that for larger TiO2 particle sizes the TE would decrease
and the PSD would be affected.
3.4. Application to hard candy and jellied so candy
samples containing the E171 ingredient

As part of our validation process for the 47TiO2 and
48TiO2 PSD

combination procedure, the developed methodology was
applied to a set of about 70 samples obtained through official
sampling by the French authorities. Based on the results ob-
tained, two representative samples (A2 and A3) are presented in
the current study. Fig. 3 presents the 47TiO2 and 48TiO2 PSDs
obtained for sample A2. As previously observed, both Ti
isotopes exhibited a good frequency overlap between 100 and
150 nm while 47Ti missed some particles below 100 nm and 48Ti
J. Anal. At. Spectrom.
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Fig. 4 47TiO2 and 48TiO2 PSDs of sample A3 (jellified soft candy) and
PSD combination (i.e. 48TiO2 data# 150 nm and 47TiO2 data > 150 nm)
as a solid blue line. Uncertainties were calculated as the standard
deviation of the duplicate values (n ¼ 2 preparations).
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overestimated some frequencies above 150 nm due to detector
saturation which collapsed rapidly from 275–300 nm to end
around 350 nm.

Fig. 4 presents the 47TiO2 and 48TiO2 PSDs obtained for
sample A3. In this case, 47Ti and 48Ti isotopes showed a good
frequency overlap between 75 and 150 nm even if it diverged
slightly at 100 and 125 nm. Below 75 nm, 47TiO2 and 48TiO2

PSDs diverged signicantly due to low sensitivity of 47Ti. As
expected, above 150 nm a discrepancy between both PSDs was
observed due to 48Ti saturation. For sample A3, 48Ti saturation
resulted in a clear overestimation of the frequency particularly
between 175 and 275 nm, and then the frequency collapsed
rapidly to end around 350 nm.

For both samples, the combination of 47TiO2 and 48TiO2

PSDs presented as a solid blue line in Fig. 3 and 4 ranged from
25 to 500 nm and corrected efficiently for low sensitivity of 47Ti
below 150 nm and 48Ti saturation above 150 nm.
4. Conclusion

The data generated in this study demonstrated successfully, as
proof of concept, the possibility of combining data from 48Ti
and 47Ti isotopes in order to obtain more representative PSD
measurements of some polydisperse E171 additives in food
samples. Although detector saturation may occur at varying
particle sizes depending on the instrument (e.g. different
manufacturers and models), each user must remain vigilant
about this phenomenon when using the 48Ti isotope. In the case
where detector saturation is either observed or suspected, the
combination of PSDs obtained with 48Ti and 47Ti (or any other
less sensitive Ti isotope) should be considered to fully charac-
terize E171 PSDs. This study also provided supporting elements
suggesting that TiO2 particles in the range of about 900 nm,
although it is unlikely to encounter this type of particle, are still
theoretically likely to be transported to the plasma and
J. Anal. At. Spectrom.
completely atomized even though transport efficiency might
decrease signicantly for micron-sized particles. Therefore,
spICP-MS stands as a valid tool for TiO2 particle characteriza-
tion in the entire submicronic range and the same data
combination principle could be extended to other elements of
interest.
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