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Metal oxide nanoparticles were analyzed by ICP-MS with direct injection and their recoveries
were determined in different media.
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Elemental recoveriesfor metal oxide nanoparticles
analysed by direct injection |CP-M S: influence of
particle size, agglomeration state and sample matrix

Sylvie Motellie®", Arnaud Guiot, Samuel Legrdsand Brice Fiorentinb

The direct analysis of metal-oxide nanoparticle®$Nin suspension by inductively coupled
plasma-mass spectrometry (ICP-MS) has been invastilg The roles of the chemical nature
size, crystalline form and agglomeration stateha particles on the recovery rate -comparer:
with dissolved samples- have been investigatédrious sample matrices have been testea
with the aim to optimize the decomposition proce$ghe particles in the plasma, which
governs the quality of the ICP-MS analytical result was found that, for SiOand ZnO,
full recovery was readily obtained in #@nol L' NaOH or 0.1 % HN@ respectively. In the
case of more stable oxides like TiOr CeQ, a positive correlation of the recovery with the
concentration of the HNQconcentration in the matrix could be observedhaligh only
NaOH could lead to identical sensitivities for N&sd ionic solutes. AD; could not be
satisfactorily analysed (80 % recovery at the mos$jze and agglomeration state
characterization of the selected particles wasgreréd by scanning electron microscopy
and dynamic light scattering. The effect of aggloat®n state was found to be of minor
influence but the size of the primary particle, well as its crystalline phase play ar
important role on the analytical recovery.

by application of microwave-assisted digestion pthres. In the

The rapid development of nanoparticles (NPs)-caitigi products €asé of refractory fitania (Tip however, and even with such
in a wide variety of applications raises questiammut their life boosted conditions, the best decomposition contticequire the
environmental exposures. In the context of assggmtential health interferences wit°Ti (abundance 74 %) or the use of concentrateu

and environmental

the detection, identifmat and HF and/or HCI that will deteriorate the quartz / sglasample

quantification of these specific particles représemew challenge introduction system of the ICP-M3 °. Furthermore, any type of
for analysts. Inductively coupled plasma-mass spewtry (ICP- digestion procedure will induce loss of information the size, size
MS) is one of the preferred techniques for elemeataalysis distribution, and morphology of the initial colleidsample.
because of its high sensitivity and its multi-eletneapability.

Traditionally, solids or slurries undergo digest&ieps prior to their
introduction into the analytical device. This tmeant is intended to
assure homogenization by decomposition of the temip a matrix
that is compatible with the analytical method. Heer it suffers
from several drawbacks such as incomplete disswidtr a number
of minerals and refractory compounds, possibleel®ssf volatile
elements, contamination problems and potential rdadae to the
use of concentrated acids or bases, and time cqigm The
pretreatment can be somewhat improved in efficiearay shortene

In order to perform complete characterization oé tNPs, new
analytical tools have been developed or adahtEdr instance, field
flow fractionation (FFF), initially devoted to th®ydrodynamic size-
fractionation of macromolecules and sub-micro- tizraparticles,
has been successfully applied to the charactesizatf NPs size
distribution®®, It has the great advantage of being able to aépar
particles within a very large size range (from 1 toma few pm).
Detection of the particles is generally performgdight scattering,
d UV or fluorescence. In the case of metal-contairpagticles, FFF

This journal is © The Royal Society of Chemistry 2013 J. Anal. At. Spectrom., 2013, 00, 1-3 | 1
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can be coupled with ICP-MS for improved chemicainitification be 100 % whatever the particles, and a simple regidn procedure
and quantification. In this particular case of hgpated techniques, using aqueous dissolved certified standards for-M3° can be
the sample is introduced directly into the ICP riglation chamber performed. This assumption has for instance beead ls the
and further into the plasma as a diluted suspernsioning from the analysis of nanoparticles released from exterigada paints after
FFF outlet with no digestion pre-treatment. runoff episodes®®. However, in early laboratory experiments
performed with silver and titania nanopatrticles, veee experienced
Considering quantification purposes, the questia@t #nises then is 3 severe discrepancy between the expected conbemtend that
that of the recovery rate compared with the ingctof dissolved optained based on a simple aqueous calibrationilsBiproblems
samples. This concern has been extensively addrésske case of were reported by Fernandez-Ruiz et?3lin the analysis of Ru and
slurry nebulizatior?” *°since the 1980s. This mode of direct injectioBe in carbon nanoparticles. With their initial I&f conditions, the
of solid particle-containing suspensions into an I@&s initially recoveries obtained were only between 60 % and 88réncrease
proposed as an alternative to tedious sample tezagmfor the in RF power and a decrease in the nebulizer gas diovincrease
analysis of ceramics™ ** and geological sample$*> More the recovery values. Conversely, larger particleghin um range
recently, the method has been applied to the di@iitdn of seem to respond differently: in the case of claytiglas, no
nanoparticles in suspensions . Calibration using agueousimprovement of the elemental recoveries could beainbd by
reference standards can be proposed as a veryesangl attractive jncreasing the Rf powér 1> These observations show that at leas*
way of getting quantitative information. Howevesot points are of one of the four processes involved as the sampiesaledroplet
major importance in the control of the reliabilif analytical passes through the plasma (i.e. solvent evaporfitiom the sample
calibration functions: i) sample introduction argbalization system matrix, vaporization of the matrix, atomization tife vaporized

and i) plasma-induced sample decomposition, atatitia and sample, and ionization of the analyte atoms) is cwshplete even
ionization. During these two steps, efficienciesudtl be identical though the particles are in the nano-size range.

whether suspensions or aqueous solutions are adalyz

The present study investigates the potentially j@cbehaviour of
Sample uptake efficiency and representativenessendisp on metal oxide nanoparticles (including some refractonaterials)
parameters such as homogeneity and stability oftispensiort’. \hen directly injected as suspensions in an ICP-M®e roles of
Nebulization efficiency depends on density and sistribution of chemical nature, crystallinity, size of the primanarticle, and state
the particles; large particles with a high denaity more susceptible of agglomeration have tentatively been pointedvaittt the intent to
to settle down in the spray chamber, which wouddil® segregation find satisfactory conditions for direct nano-susgiens analysis and

in the sample transfer into the plasma. Halicz Brehner' tested a keys for optimized detection conditions in FFF/IVIS- hyphenated
number of geological materials ground at grain siaelow 2 um  techniques.

prior to their introduction as slurries in the ICPhey did not

observe material deposition in the sample intradactsystem,

showing that nebulization did occur in a satisfactmanner for Experimental
these small particles. These findings were reifdrsy Ebdon et al.

*" who propose a maximum particle size of 3 um fdfiatit sampie preparation

samples like refractory minerals. Ultrapure water (Milli-Q, Millipore, Billerica, USA)was used

. - ) i o throughout the experimental work.
Still, even within these recommendations, satisfactalibrations

could not always be reached. Limitations can themdsigned to the oy calibration purposes, nanoparticle suspensiate prepared by
textural, mineralogical, and chemical compositidrttee materials. gispersion of nanopowders or dilution of commercighndard
For instance, dissociation of refractory partickesn hinder the gyspensions in either dilute HN@Suprapur quality, 65 wt. %,
sample decomposition process in the plasma. Ineffmeriments \jerck, Darmstadt, Germany) or NaOH (Suprapur qualit
reported by Halicz and Brenn€ it should be noted that the internalnonohydrate, Merck, Darmstadt, Germany). JTiPowders of
standard (dissolved Sc) did compensate for effettslurry solid anatase (< 25 nm) or rutile (< 100 nm) crystaljihases were from
content (typically due to viscosity when solid aamttexceeds 0.5 %) aldrich (St Louis, USA). The commercial standardsensions used
but not for matrix and grain size interferencess@bed through i this study were TIONA (5 - 30 nm, anatase, 15 wt. % in water,
deviations in the correlation coefficients of thadiloration curves of Nanostructured and Amorphous Materials Inc., HaustoSA),
slurries compared with those of dissolved analyt&sgnner and Tjo, AL (< 150 nm, mixture of rutile and anatase, 3B7-wt. % in
Zander*® hypothesize that these interferences effects aee td water, Aldrich, St Louis, USA), Ced< 25 nm, 10 wt. % in water,
sample chemistry, mineralogy and particle size, cvhprevents ajgrich, St Louis, USA), AOs (< 50 nm, 20 wt. % in water,
compensation with aqueous internal standard thiabtwiously not - ajgrich, St Louis, USA), ZnO (20 nm, Evonik, 35 vt in water,
behave as solid particles. Application of empiricairection factors ggsen, Germany), SiQ. (Ludox AS40, 20 - 24 nm, 40 wt. % in
can then be considered to compensate for lowensitjeresponse of yater, Sigma-Aldrich, St Louis, USA), and SiD (20 nm, 20 wt. %
particles compared with aqueous analyfes in water, Tecnan, Los Arcos, Spain). The weight ceet
concentrations of the commercial standard suspessioere

In the case of nanosuspensions, with a grain aizbdlow this 2 — 3 checked firstly by drying an aliquote to completesiat 105 °C, and

pum threshold value, it is usually supposed thadvery rates should

2 | J. Anal. At. Spectrom., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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then by subsequent calcination at 1000 °C of thelwak powder.
This second step was intended to verify the possiscurrence of
organic stabilizing agents (namely surfactantsthe commercial

Page 4 of 10

chamber, and a quartz torch with 2.5 mm internainditer injector,
Ni-sampler and Ni-skimmer cones, and a collisioth @et used in
this study). Other operating conditions are liste@able 1. Both the

standards. TiQAL was estimated to be composed of ca. 35 % rutidPs suspensions and the ionic solutions were intred in the ICP

and 65 % anatase (X-ray diffraction assays).

Reference calibration curves were established wi® lionic
standard solutions of Ti, Ce, Al, Zn (Tracecert 1689 L™ in HNO,

2 %,Fluka, Buchs, Switzerland), and Si (TracecefiOlfhg *in

NaOH 2 %,Fluka, Buchs, Switzerland). 1000 mid (metal basis)
stock standard suspensions were prepared in uteapater by
either dispersion of the appropriate amount of pewat by dilution
of the commercial suspensions. The latter werecated for 1 min
in an ultrasonic cleaner (Branson, Danbury, USAptetampling.
The standard suspensions were then prepared hipdikf the stock

using an automated sampler ASX-520 (Agilent Tecbgiels, Santa
Clara, USA) by pumping them through a capillary hgpiwith the

help of a built-in peristaltic pump. Stability ofi¢ ICP-MS was
checked by analyzing the same calibration sampigssaxthree-hour
delay. Since the solid content of the suspensicass far below 0.5
%, no particular precaution was taken regardingosgy-induced
deviations and the analyses were performed withioternal

standard.

suspensions (after homogenization by sonicatioatrtrent for 1
min) in the desired matrix. The final concentraticainge was

Tablel ICP-MS operating conditions

between 0.5 pgtand 10 pg I* (metal basis). For convenience
comparison between ionic and colloidal standarisoacentrations
were expressed as metal content, independentiyh®fprimary
particle size and/or possible aggregation/agglotizergrocesses ir
suspensions.

For scanning electron microscopy (SEM) charactédma, 10 pl
aliquotes of 100 mg L (metal basis) standard suspensions w

RF power (W) 1550
Plasma gas (Ar) flow rate (L miffy 15
Carrier gas (Ar) flow rate (L mif 1.01
Sampling depth (mm) 10
Integration time / mass (s) 0.1 (or 1)*
Replicates 3 (or 20)*
Sweeps/replicate 100

deposited on polycarbonate membrane filters of |0 pore size
and dried at 50°C on a hot plate. To prevent sampsgging and
damage from electron beam, samples were sputtézctcoath a 10-
nm platinum layer. For dynamic light scatterind-&) experiments,
the measurements were made in triplicate with suEpes
concentrations in the range 50 mg to 100 mg [* (metal basis).
Due to the polydispersity of some of the analyzash@es, particle
size could not be expressed as z-average. In todaitow simple
comparison between samples, the choice was maagpi@ss all
DLS size distribution results on a number basis.

Instrumentation

A muffle furnace was used for high temperaturettneat of the
nanoparticles (LHT 02/16 LBR from Nabertherm, Aubkieii,
France). Dynamic light scattering measurements vgEndormed
using a Zetasizer Nano ZS (Malvern Instruments Wrcs, UK).
The results are expressed as number-based padiataeters.
Scanning electron microscopy was performed withuétra-high
resolution SEM LEO 1530 (LEO Electron MicroscopydLt
Cambridge, England). To optimize the quality of Skivhges, the
working distance of sample was set at 4 mm, withaecelerating
voltage of 5 kV and a diaphragm of 30 um. The ICP-afalyses
were performed with a 7700x (Agilent Technologi€snta Clara,
USA) device equipped with a glass low-flow concentrebulizer

* Standard (or improved) conditions. See § Anabjtiquality.

Results and discussion
Characterization of the NP suspensions

Scanning electron microscopy SEM pictures were taken in order to
check the size and the morphology of the primarytigas.
Examples of SEM pictures are given in Figure 1.e&timated mean
value of the primary particle diameter was obtaitgdselecting
random particles (30 < n < 50) and measuring thigi. The mean
diameter and the standard deviation for each typpadticle are
given in Table 2. It is obvious that the populasi@re very different,
particularly with regard to size distribution. Abserved in the SEM
pictures, TiQ anatase, Ti@rutile, and ZnO look quite homogeneous
in distribution. The same homogeneity was foundTi@, NA, TiO,
AL, and SiQ L. Conversely, AIO; and, to a lesser extent, Si0
and CeQ@ show very large differences in particle size, wighge
clusters made of very small particles coexistingngl with larger
primary particles (Figure 1d). Particle shape soatlifferent: the
anatase crystalline phase of Tiflas a distorted octahedral structurz
whereas the rutile phase looks more like slender

(400 pl minY), a quartz, low-volume Scott-type double-pass yspra

This journal is © The Royal Society of Chemistry 2012
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Number-based diameters of the suspensions of gttare reported

(@) in Table 2. It is observed that the size recovdredLS, even in

’ & water, is quite different from the one determingdSEM statistics
treatments. Some particles, like JiGanatase, show important
agglomeration in aqueous medium: the mean diamatzeases
from 31.8 nm (primary particle, SEM estimation) 265.7 nm (in
water, DLS estimation). Others, like SI@ZnO, TiG, NA and TiG
AL, seem to remain in a dispersed form. It is ragyeto conclude in
the case of AlD; mainly because of its extremely large size
distribution. However, in pure water, /8); particles do not seem te
agglomerate. The alkaline medium does not promg¢goaneration
whatever the nature of the particles, witness tleammDLS sizes
very close to those obtained by SEM. Nitric acid,tbe contrary,
has a drastic effect on the mean size of mostagbest{Figure 2). In
dilute HNGO; (0.1 %), no visible change can be seen with respec
water except for ZnO which readily dissolves. Aarease in HNQ
concentration induces a marked concomitant increéasparticle
diameter. The phenomenon is particularly visible G@Q, as well
as for TiQ NA and TiQ AL. At such acidic pH, these patrticles are
all positively charged and the agglomeration predeshen possibly
due to the increase in ionic strength that deceetts® double layer
thickness and favors inter-particle interactions.

H20

Fig. 1 SEM pictures of the nanoparticles. (a) Ge@®) ZnO; (c) 1600.0

SiO, T; (d) ALO3; (e) TiO, Anatase ; (f) TiQrutile. 14000 FNG3 0.1

‘é‘ 1200.0 m HNO3 1%
prismatic crystals™. Silica is mostly spherical while alumina and ‘§1ooo.o H HNO3 10%
ZnO are irregular. g s000

'g 600.0

400.0

Dynamic light scattering The state of agglomeration of the colloids 20:2 : Ii S I' . __I . - S
is a major concern when dealing with direct injgctin ICP-MS. " Tio2anatase TO2rutle TIOZNA  TIO2AL  CeO2 AI203

Indeed, a perfectly dispersed and steady suspeisiarmprerequisit
to limit sedimentation within the sample vials ahe introduction
system. In order to evaluate the agglomeration \debe of the
selected NP in various possible injection matriceBLS
investigations were undertaken. The particles vadrged in either
HNO; (0.1, 1, or 10 %) or NaOH (fOM). The latter matrix was

chosen for Si@Q analyses. In the most appropriate and widely USS@abiIity of suspensions The stability of the suspensions was
nitric medium, interferences will occur on all Sotopes, leading to gyajuated by a second DLS measurement. The suspensére left
poor quantitative results. Besides, hydrated silicaolloidal form ggige for three hours after preparation; they werenalyzed
may encounter precipitation effects in acidic mediuAlkaline \ithout any further dispersing treatment (Table B).almost all
medium is thus preferred, although solubility isaeered only at jnstances, the mean diameter increases with timighvis consistent
high pH, which is not compatible with the silicased sample ith an increase in the agglomeration state ofpttimary particles.
introduction system. In order to limit degradatiohthe nebulizer |; jg noteworthy that the rate of agglomerationnit particularly
and the spray chamber, a dilute NaOH solution wapgsed as speeded up by high acid concentrations. Ratherfaimeation of
SiO; NP sample matrix. It should be noted that the eotrations cysters occurs quickly when the particles areteiuin the acidic
used for DLS measurements are significantly highan those used media, this step being acid-concentration dependéfiten,

in ICP-MS experiments due to the lower sensitivofythe former agglomeration seems to proceed at a rate dependitige nature of
method; the size values should only be considesethdicative of the particle.

the particle behaviour in the different media.

Fig. 2 Influence of the concentration of nitric acid tie tsize of the
nanoparticles as measured by DLS (number-based).

4 | J. Anal. At. Spectrom., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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Table 2 SEM and DLS (number-based) diameters of the NRarilous injection matrices.

3h : data obtained by DLS measurements 3h aftesubpension preparation.

Diameter (nm) NaOH HNO; HNO; HNO; HNO; HNO; HNO;
SEM  H,0
(std dev) 10°M 0.1% 1% 10% 0.1%,3h 1%, 3h 10 %, 3h
Ti0. anatase 318 2057 487 233.9 276.3  390.6 173.5 622.0 504.1
2 (76) (30.6) (1.6) (321)  (129.2)  (66.6) (8.1) (8.8) (61.4)
Ti0. rutile 789 1323 80.7 150.4 329.8  330.0 552.4 854.5 640.0
2 (84) (64 (41) (56.1) (3500  (39.3) (29.3) 9.2) (20.6)
0. NA 7.8 6.9 9.3 10.3 10.2 302.3 13.7 12.4 1064.6
2 (1.3) (05 (0.4 (3.2) (2.3) (20.2) 0.2) (2.0) (141.9)
0. AL 387 202 224 31.3 355 505.6 41.9 35.3 775.7
2 (106) (1.4  (0.6) (15.1) 47  (1421) (5.8) (9.8) (68.3)
Ceo, 444 560 27.3 58.3 4395  1507.7 62.2 1411.0  1084.0
(233) (104) (0.8) (1.0) (4306) (120.2) (8.1) (375.1)  (44.2)
ALO 246.9 1427 182.0 299.3 511.1  364.6 482.1 687.4 554.2
73 (167.4) (25 (34) (7.7) (47.2) (20.4) (6.5) (21.0) (18.3)
440 390 378
Zno 138) (L) (12
. 311 129 134 13.6
SO L 40 (08 (02 (0.2
_ 411 493 446 56.2
S0, T 207) (58 (52)  (205)

| CP-M S measurements

In order to evaluate the performance of the araitimethod with
direct injection, calibration curves were plotteor fall types of

would lead to the best recovery compared with tigecof ionic

sampler of the ICP-MS; they were not shaken priothie second
injection. In all cases, no significant differenbetween the first
determination of the calibration curves and theoedoone could be

observed. Recovery data given hereafter corresponttheé mean
nanoparticles with the aim to find the sample matonditions that vajue of both determinations.

standards. The recovery was deduced from the slapethe Analytical quality Examples of calibration curves obtained with
calibration curves linear fittings, by dividing tistope of the curve standard experimental conditions (see Table 1)garen in Figure
corresponding to the injection of the suspensiandsrds by that of 3a. Linearity is observed for ionic Ti standardusimins while, for
the ionic solution standards. The sets of suspaasiere analyzed direct injections of TiQ suspensions, linearity is rather poor, wit!:
immediately after preparation. In order to verihat the threshold large error bars on the data sets. This type gflgia significant of
inhomogeneous samples: the particles injectedtirecorch via the
introduction and nebulizatio®™ ¥ would apply here, a secondnebulizer produce discrete events on the detettar drastically
injection of the standard suspensions was made afiging three increase data dispersion.

diameter of 2-3 um found in previous studies fotis§actory

hours. In the meantime, the suspension vials wefteoh the auto-

This journal is © The Royal Society of Chemistry 2012
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17
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23 1.0E+05 / 1.0E+04 A~ 1.0E405
24 0.0E+00 0.0E400 | 0.0E+00
0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
25 [Ti] (ug L) [Ti] (kg 1Y) [7i] (wg L)
26
27 Fig. 3 Calibration curves of direct injections of Ti stand solutions and Tigsuspensions in HN{.1 %. (a) standard experimental
;g conditions; (b) 20 replicates and 1s/mass integmatiime.
30 Obviously, the degradation in calibration linear#tfjould be size- increase in particle diameter due to agglomerafsse Figure 2).
31 (and maybe even more size distribution-) dependedéed, looking However, it never reaches 100 % in this type ofliacmatrix.
32 at the DLS sizes of TiQ it is observed that the anatase form dsodium hydroxide, on the contrary, does providé fetovery for
33 TiO,, that shows the worst calibration curve correftatifactor this NP.
34 compared with the rutile form, agglomerates to darglusters in
gg HNO; 0.1 % despite smaller primary particles.
37 As already observed’, increasing the integration time and thi 5 SE08
38 number of replicates improved result quality, asndestrated in ¢ Ce
39 Figure 3b. Because of a greater number of data mextjudispersion 2.0E406 '/‘ Ce02 HNO3 0.1%
40 is reduced and linearity is better in both anat@se rutile cases. /.m ® Ce02 HNO3 1%
41 This configuration of acquisition was chosen whemeweeded, i.e. | Z 1.5e+06 T
42 whenever the calibration curve correlation factaswbelow 0.99 % /
e
ji with the usual operating conditions. 2 106406 ® Ce0ZNaOH10-3M
( }
45 Effect of the suspension matrix on recovery The major objective | s.o+0s
46 of this study was to try to find experimental cdiatis for which the
47 NPs suspensions would behave similarly to the isolations when 0.0E+00 ‘ , ‘
48 injected in the ICP-MS. Because of the generald@and of NPs to 0 2 Ke](igrl) 8 0o
49 agglomerate in concentrated HBOt was expected that dilute
50 concentrations of this acid would give better rex@s. Three
51 different concentrations (0.1, 1.0 and 10.0 % hie tisual range for Fig. 4 Comparative calibration curves of Ce®Ps in different
52 ICP-MS analyses) were thus tested. NaOH, which witially matrices directly injected in ICP-MS. The calibraticcurves
53 selected for SIQNP analysis, was also tested with the other megtablished for NPs were normalized to the ionic cabration
54 oxide NPs. An illustration of calibration curvestained for Ce@ Curve.
55 NP with these experimental conditions is given igufe 4. It is
2(73 deduced from this graph that, contrary to the ahitielief, the
58 recovery increases with HNQ@oncentration despite the significant
59
60

This journal is © The Royal Society of Chemistry 2013
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Figure 5 gives an overview of the recoveries calmd for all the
NPs investigated. The same conclusions can be di@waimost all

the NPs investigated: the injection recovery insesawith HNQ

concentration, but it always remains below thatawisd in the
alkaline matrix. The particular case of ZnO sholld treated
independently as this NP readily dissolves in aadédium, even at
the lowest tested HNQOconcentration:

Page 8 of 10

the possible converse effects of two phenomenadigeolution of
the primary particles and the agglomeration prazgssvhich are
both favoured by high acid concentrations. Thedase in recovery
with acid concentration tends to show that the farnbe the
prevailing effect. In high acid concentrations, tjzde-to-particle
energy bonding involved within clusters is lowearthintra-grain

its recovery is obviouslyforces within a particle. This should promote theéck dissociation

100% under such condition. Si®IPs, although not in a dissolvedof agglomerates made of smaller -partially disstivgarticles in the

state in NaOH matrix, also give full recovery whajected in this
matrix.

TiO, NPs behave quite similarly to Ce@h acidic matrices. For
almost all types of titania particles, an increas#8CP-MS recovery
can be observed as the acid concentration increbdesvise, the
recovery is optimized in the alkaline matrix congghrwith the

acidic media. The extent to which the recovery dified by matrix

changes depends on the type of Jjj@rticles. Namely, TiQanatase
and TiG rutile are only little affected by the matrix afijéction

whereas Ti@ NA and TiQ AL recoveries are highly matrix-
dependent.
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Fig 5 Effect of the injection matrix on the recoverydifect
injection of nanoparticles.

Finally, in the case of alumina, there does nonsé® be a clear
influence of the matrix: in all cases (acid or #a conditions), the
recovery data are scattered between 60 and 80 Boneitspecific
tendency. This finding is consistent with thosd.aifd et al.?? who
did not find significant effect of the concentratiof HNG; in the
matrix solution on Al recovery in the analysis d&y minerals by

slurry nebulization ICP-OES.

Nitric acid is the preferred matrix in the analysismetal ions by
ICP-MS since it is a strong acid with oxidizing peotes that
prevent them from precipitation and/or adsorptidawever, the fate
of metal oxide NPs differs from that of their iordounterparts. The

influence of the concentration of HNWas tentatively assigned tonm

This journal is © The Royal Society of Chemistry 2012

plasma. Hence, in this instance, the state of agglation would be
of minor influence on the analytical results.

Only NaOH alkaline matrix could lead to full ICP-M8covery for
the tested NPs. A possible explanation was propbgddaird et al.

22 \who found that elemental recoveries were signifigahigher in

0.1 mol L* NaCl matrix than in 0.5 - 3 mol'LHNO; matrix. They
suggest that the more complete dissociation-eimitabf the

particles promoted in the salt matrix may be causgdenhanced
collisional dissociation due to the occurrence ightconcentrations
of Na" ions in the plasma. An additional explanation ddig in the

difference in heat of vaporization, atomization /andionization

energies of the matrix components that contribatehe loss of
efficiency of heat transfer to the analytes.

The particular behaviour of alumina is possibly daethe highly

refractive property of this material, coupled wilte size dispersion
of the primary particles. Indeed, the very largemary particles

observed in Figure 1d may be more retained in thleulization

chamber than the smallest ones and those thapask through are
probably more difficult to decompose, vaporize, @tdmize than
smaller ones, or even than aggregates made of emalimary

particles; the residence time in the plasma mayg tietoo short to
enable maximum efficiency of these processes fasehlarger
particles.

Effect of the nature and size of the primary particles on recovery
Whatever the observed results, the assumption rgeiaparticles
sedimentation in the sample vial (a supposedly pimemon more
important in the case of high HN@oncentrations) was rejected
since the two consecutive injections (separated thyee-hour delay
without re-homogenization) were not significantlfferent.

Looking at Figure 5, a great difference of behavican be observed
between the four tested types of JilPs. Three parameters car
potentially play a role in this result: the statef o
aggregation/agglomeration in suspension, the sfzéh@ primary
particles, and the nature of the crystalline phase

In the previous paragraph, agglomeration has bhewrs to be of
limited effect on the recovery. Conversely, a congmar between
TiO, anatase and TiNA, both made of pure anatase, indicates the.
the size of the primary particles plays a fundamlenvle: TiG,
anatase particles (SEM diameter = 31.8 nm) is not
decomposed/ionized in the plasma as efficientlthassmaller TiQ@

NA particles (SEM diameter = 7.8 nm). The same hgion can be
drawn from the data obtained with TiGutile and TiQ AL: TiO,
rutile (SEM diameter = 78.9 nm) is decomposed/iedizless
efficiently than the rutile fraction of TiQAL (SEM diameter = 38.7
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