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A  strategy  for the  accurate  determination  in  foodstuffs  of seven  elements  liable  to  be  interfered  with
(V,  Cr,  Fe,  Co,  Ni, As and  Se),  was  successfully  applied.  Firstly,  to  reduce  spectroscopic  interferences,  four
influential  factors  (hexapole  and  quadrupole  bias,  helium  and  hydrogen  flows)  of  the  collision/reaction
cell  device  were  optimised  through  the  experimental  design  methodology.  Secondly,  non-spectroscopic
interferences,  which  may  severely  disturb  the  analysis  of  matrices  containing  large  amounts  of  non-target
elements,  were  significantly  reduced  by  a  limited  decrease  in  the  flow  rate  of  the  optimum  initial  nebuliser
nductively coupled plasma mass
pectrometry
ollision cell
xperimental design
nterference

ethod  validation

rather  than  with  a specific  time-consuming  dilution.  Finally,  the optimised  multi-element  method  was
subjected  to a full  validation  that  demonstrated  its acceptable  analytical  performance.

© 2011 Elsevier B.V. All rights reserved.
oodstuffs

. Introduction

The amount of major and trace elements ingested by humans
s directly related to dietary habits and the concentrations of these
lements in foodstuffs. Deficiencies, excesses, or imbalances in the
upply of inorganic elements from dietary sources can have a signif-
cant deleterious influence on human health [1]. It is thus important
o determine precisely their levels in foodstuffs to better evaluate
he nutritional as well as toxicological value of the food items [2].

Over the last few decades, different atomic spectrometry tech-
iques such as flame atomic absorption spectrometry (FAAS) [3–6],
lectro-thermal atomic absorption spectroscopy (ETAAS) [7–10],
nductively coupled plasma atomic emission spectroscopy (ICP-
ES) [11–13] and inductively coupled plasma mass spectrometry

ICP-MS) [14–18] have been used to monitor major and trace
lements. Among these techniques, ICP-MS has been gaining in
opularity over the last few years because it offers the possibility
f multi-element analysis through isotope monitoring with high
ensitivity and short-time analysis with a large dynamic range [2].
evertheless, like any sensitive analytical technique, ICP-MS still

as some limitations, such as spectroscopic and non-spectroscopic

nterferences. These interferences can be due to the overlapping
sotopes of concomitant elements, either the presence in the sam-

∗ Corresponding author. Tel.: +33 1 49772711.
E-mail address: thierry.guerin@anses.fr (T. Guérin).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.08.027
ple solution or the formation in the plasma of polyatomic ions.
Indeed, the analysis of vanadium (V), chromium (Cr), iron (Fe),
cobalt (Co), nickel (Ni), arsenic (As) and selenium (Se) may  be dif-
ficult in such complex matrices as foods are. Specifically, 51V+ is
mainly interfered with by 34S16O1H+ and 35Cl16O+, 52Cr+ is inter-
fered with by 40Ar12C+ and 35Cl16O1H+, 56Fe+ is interfered with by
40Ar16O+ and 40Ca16O+, 59Co+ is interfered with by 43Ca16O+ and
42Ca16O1H+, 60Ni+ is interfered with by 44Ca16O+ and 43Ca16O1H+,
75As+ is interfered with by 40Ar35Cl+ and 40Ca35Cl+, 80Se+ is inter-
fered with by 40Ar2

+. The choice of an alternative isotope with
lower natural abundance, and the use of correction equations or
high-resolution instruments can sometimes reduce or eliminate
the interference. On the other hand, collision/reaction cell tech-
nology, which has been comprehensively reviewed by Tanner et al.
[19], offers new possibilities for element determination by ICP-MS.
Indeed, it has proved to be an effective technique for alleviating
spectroscopic interferences [20–29]. D’Ilio et al. demonstrated the
satisfactory application of ICP-CCT-MS for the analysis of As and Cr
in milk [28]. Bednar successfully optimised an ICP-CCT-MS instru-
ment with oxygen as the reagent gas for indirect measurement of V
[27]. Finally, our previous studies demonstrated on a first collision
cell generation the benefit of using ICP-CCT-MS for the analysis
of Cr, Fe and Se [22], although they also established the persis-

tence and/or generation of interferences depending on the sample
matrix components for the analysis of As, notably for the determi-
nation of low arsenic concentrations in dairy products or crab meat
[26].
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Table 1
ICP-MS instrumental parameters.

Plasma conditions (adjusted daily)
RF power 1350 W
Plasma  argon flow rate 15.0 L min−1

Nebuliser argon flow rate 0.7–1.0 L min−1

Auxiliary argon flow rate 0.5–1.0 L min−1

Sampling and Skimmer cones Nickel
Mass spectrometer settings
Mass  range 7–208 amu
Acquisition  mode Peak jumping
Number of replicates 3
Number of channels 500
Number of channels per peak 3
Dwell time (per isotope) 20 ms
Number  of sweeps 500
Total acquisition time 60 s
Isotopes  monitored in standard mode 51V, 52Cr, 54Fe, 59Co, 60Ni, 75As, 82Se
606 A. Kadar et al. / Tala

The aim of the present work was to develop and validate a strat-
gy based on ICP-MS with the use of a third collision cell generation
or the simultaneous determination in foodstuffs of seven elements
iable to be interfered with (V, Cr, Fe, Co, Ni, As, Se). In order to alle-
iate spectroscopic interferences, the CCT settings were, in order to
educe the number of analyses, statistically optimised through the
xperimental design methodology. In addition, since CCT does not
ct on non-spectroscopic effects, the efficiency of their attenuation
as compared between different nebuliser flow rates and differ-

nt dilutions of the same synthetic interfering solutions. Finally,
he optimised method underwent validation in accordance with
rench and European standards [30–32].

. Experimental

.1. Reagents and materials

All  solutions were prepared with analytical reagent-grade
hemicals and ultrapure water (18 M� cm)  generated by puri-
ying distilled water with the Milli-QTM PLUS system connected
o an Elix 5 pre-system (Millipore S.A., St Quentin en Yvelines,
rance).

Suprapur HNO3 (67%, v/v) and HCl (30%, v/v) were purchased
rom VWR  (Fontenay-sous-Bois, France). Standard stock solutions
1000 mg  L−1) of vanadium (V), chromium (Cr), iron (Fe), cobalt
Co), nickel (Ni), arsenic (As), selenium (Se), calcium (Ca), magne-
ium (Mg), potassium (K), sodium (Na), germanium (Ge), copper
Cu), manganese (Mn), zinc (Zn), bromine (Br) and indium (In) were
urchased from Analytika (Prague, Czech Republic). Multi-element
tandard Solution (10 mg  L−1) (Merck, Darmstadt, Germany) was
sed to prepare a tuning solution containing several elements such
s In, uranium (U), barium (Ba) and lithium (Li), capable of cover-
ng a wide range of masses. All standards were prepared daily in
% (v/v) HNO3 or in 2% (v/v) HCl. Ultrapure carrier grade collision
ases (He and H2, 99.9995% pure) were purchased from Air Liq-
ide (Paris, France). Certified Reference Materials (CRMs) NRC TORT

 (lobster hepatopancreas) from the National Research Council of
anada (Ottawa, Ontario, Canada), IAEA 407 (fish tissue) from the

nternational Atomic Energy Agency (Vienna, Austria), BCR 278R
mussel tissue) from the Community Bureau of Reference and NIST
573a (tomato leaves) from the National Institute of Science and
echnology (Gaithersburg, MD,  USA) were all supplied by LGC Stan-
ards (Molsheim, France). Round-Robin test R 761 (milk powder),

 reference material from an external proficiency testing scheme
rganised by the Central Science Laboratory-Food Analysis Per-
ormance Assessment Scheme (CSL-FAPAS, Sand Hutton, United
ingdom) was also used. These reference materials were used as
rovided, without further grinding.

.2. Sample digestion procedure

Sample  digestion was carried out using the Multiwave 3000
icrowave digestion system (Anton-Paar, Courtaboeuf, France),

quipped with a rotor for 8 type X sample vessels (80 mL  quartz
ubes, operating pressure 80 bars). Before use, quartz vessels were
econtaminated in a bath of 10% HNO3 (67%, v/v), then rinsed with
ltrapure water and dried in a 40 ◦C oven. 0.2–0.6 g (wet mass)
f samples were weighed precisely into the quartz vessels and
et-oxidised with 3 mL  ultrapure grade HNO3 (67%, v/v) and 3 mL
ltrapure water. The digestion program was optimised as described
reviously [15]. After cooling at room temperature, sample solu-

ions were quantitatively transferred into 50 mL  polyethylene
asks and prepared under the same conditions as the calibration
tandards. Before final dilution, 200 �L of internal standard solution
f In was added to reach the final concentration of 1 mg  L−1.
Isotopes  monitored in CCT mode 51V, 52Cr, 56Fe, 59Co, 60Ni, 75As, 80Se

2.3. Instrumental determination procedure

ICP-MS measurements were performed by a Thermo Elemen-
tal X Series II instrument (Thermo Electron, Courtaboeuf, France),
equipped with hexapole Collision Cell Technology (CCT). The
sample solutions were pumped by peristaltic pump from tubes
arranged on a CETAC ASX 500 auto-sampler (CETAC, Omaha,
Nebraska, USA). Introduction into the Ar plasma was  performed by
a conventional pneumatic concentric nebuliser (Meinhard type A1)
included in a Peltier-cooled impact bead spray chamber. Further
details of the instrument settings and data acquisition parameters
are given in Table 1.

Ion lens voltage, nebuliser flow, horizontal, depth and vertical
positions of the torch were tuned daily by performing short-term
stability tests in standard mode with a 1 �g L−1 tuning solution to
maximise ion signals and stability while limiting the oxide levels
(CeO+/Ce+ < 2%) and doubly charged ions (Ba2+/Ba+ < 5%). The colli-
sion cell was  flushed with collision gases (He and/or H2) for 10 min
before a second optimisation of the torch position and ion lenses
was performed in CCT mode. An internal calibration curve was plot-
ted after the analysis of multiple reference standards, prepared at
levels ranging from 0 to 50 �g L−1. The calibration curve was plotted
from six points, including the calibration blank (0 �g L−1). In stan-
dard mode, for the measure of 75As the mathematical correction
equation was automatically used at m/z 75, based on the natural
abundances of the isotopes:

I(75As) = I(75mass) − 3.127 × [I(77mass) − 0.826 × I(82Se)] with
3.127 = abundance 75ArCl/77ArCl and 0.826 = abundance 77Se/82Se.

2.4. Optimisation of the CCT factors by central composite design
(CCD)

2.4.1.  CCD
After having determined the preliminary range of the net Signal-

to-Background Ratio (SBR = (X − B)/B, where X is the gross signal
of the analyte solution, B is the measurement of the interferent
signal and (X − B) is the net signal) dependent variables through a
single-factor test, a CCD with four independent variables (X1, He
flow; X2, H2 flow; X3, Hexapole bias; X4, Quadrupole bias) was
performed at five levels [33]. The ranges of these independent vari-
ables were based on the results of preliminary experiments: X1:
0.5–5.0 mL  min−1; X2: 0.5–5.0 mL  min−1; X3: −9.3 to −1.3 V; X4:

−20.0 to −9.0 V. The complete design consisted of 28 experimen-
tal points (16 factorial points, 8 axial points and 4 centre points)
(Table 2A).
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Table 2
Values of the factors at the five levels examined (A) and experiments undertaken for the CCD (B).

(A) He flow
(mL  min−1)

H2 flow
(mL  min−1)

Hexapole
bias (V)

Quadrupole
bias (V)

Lowest 0.5 0.5 −9.3 −20.0

Factor level
Low 1.6  1.6 −7.3 −17.3
Centre  2.8 2.8 −5.3 −14.6
High  3.9 3.9 −3.3 −11.8
Highest  5.0 5.0 −1.3 −9.0

(B)  No. X1 X2 X3 X4 SBRweighted amount

1 1.6 1.6 −7.3 −17.3 385
2 3.9  1.6 −7.3 −17.3 522
3 1.6  3.9 −7.3 −17.3 500
4  3.9 3.9 −7.3 −17.3 701
5  1.6 1.6 −3.3 −17.3 408
6 3.9  1.6 −3.3 −17.3 536
7  1.6 3.9 −3.3 −17.3 511
8  3.9 3.9 −3.3 −17.3 660
9  1.6 1.6 −7.3 −11.8 443
10  3.9 1.6 −7.3 −11.8 726
11 1.6  3.9 −7.3 −11.8 646
12  3.9 3.9 −7.3 −11.8 963
13 1.6  1.6 −3.3 −11.8 447
14  3.9 1.6 −3.3 −11.8 629
15  1.6 3.9 −3.3 −11.8 581
16  3.9 3.9 −3.3 −11.8 781
17  0.5 2.8 −5.3 −14.6 376
18 5.0  2.8 −5.3 −14.6 731
19  2.8 0.5 −5.3 −14.6 379
20 2.8  5.0 −5.3 −14.6 666
21  2.8 2.8 −9.3 −14.6 560
22  2.8 2.8 −1.3 −14.6 548
23 2.8  2.8 −5.3 −20.0 453
24  2.8 2.8 −5.3 −9.0 714
25  2.8 2.8 −5.3 −14.6 509
26  2.8 2.8 −5.3 −14.6 508
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.4.2. Experimental values
A blank solution was  prepared in 6% and 2% (v/v) HNO3 and

Cl, respectively, and two multi-element standard solutions were
repared in 6% and 2% (v/v) HNO3 or in 6% (v/v) HNO3 only at a level
f 10 �g L−1. The produced effect was evaluated by measuring the
otal intensity (count s−1) for each element and blank solution, and
y calculating the SBR.

.4.3.  Statistical analysis
The  experimental data were processed using the Statgraph-

cs Centurions XV software package (Sigma Plus, Paris, France).
-Values of less than 0.05 were considered to be statistically signifi-
ant. In addition, the normality of the data was checked by plotting
he normal probability plot (NPP) of the residuals. Data from the
CD were analysed by multiple regressions to fit the following
uadratic polynomial model.

 = ˇ0 +
4∑

i=1

ˇiXi +
4∑

i=1

ˇiiX
2
i +

4∑
i<j=2

ˇijXiXj

where Y represents the response function, ˇ0 the intercept and
i, ˇii and ˇij are the linear, quadratic and interaction terms, respec-

ively. The fitted polynomial equation is expressed as surface and
ontour plots in order to visualise the relationship between the
esponse and experimental levels of each factor and to deduce

he optimum conditions. The analysis of variance (ANOVA) tables
ere generated, and the effect and regression coefficients of indi-

idual linear, quadratic and interaction terms were determined.
he regression coefficients were then used to perform a statistical
−5.3 −14.6 511
−5.3 −14.6 513

calculation  to generate dimensional and contour maps from the
regression models.

2.5.  Method validation

The  method was  validated by analysing different foodstuffs such
as meat, fish and dairy products or vegetables. Concentrations were
expressed in milligrams of elements per kg (mg  kg−1) of fresh mate-
rial. Several parameters were taken into account and evaluated for
the in-house validation of the method: range of linearity, limits of
quantification (LOQ), selectivity/specificity, trueness and precision
by evaluating the repeatability and the within-laboratory repro-
ducibility. The method was  validated according to the French NF
EN 13804 [30], NF V 03-110 [31] and NF V 03-115 standards [32].
In the case of routine analysis, during the validation, as part of
the adopted internal quality control (IQC) procedure, an analyti-
cal sequence included a reagent blank and a CRM. To check the
absence of any pollution or significant drift of the instrument sen-
sitivity, after each set of five samples run, a blank digested sample
containing In internal standard at 4 �g L−1 was analysed. A max-
imum drift of 10% based on the sensitivity of the last calibration
standard was considered acceptable for the aim of the validation
study.

3. Results and discussion
3.1.  Statistical analysis and optimisation of the factors

After collecting the experimental data and validating the fit-
ting of a second-order model separately for each element (data
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Table 3
ANOVA of central composite design.

Parameter SS df MS  F p

X1 221,760 1 221,760 238.4 0.0000
X2 138,168 1 138,168 148.5  0.0000
X3 5310 1 5310 5.71 0.0327
X4 95,634 1 95,634 102.8 0.0000
X2

1 6859 1 6859 7.37 0.0177
X1X2 1173 1 1173 1.26 0.2818
X1X3 4865 1 4865 5.23 0.0396
X1X4 8418 1 8418 9.05 0.0101
X2

2 2012 1 2012 2.16 0.1651
X2X3 3052 1 3052 3.28 0.0932
X2X4 2626 1 2626 2.82 0.1167
X2

3 6961 1 6961 7.48 0.0170
X3X4 7525 1 7525 8.09  0.0138
X2

4 14,296 1 14,296 15.4  0.0018
Error 12,092 13 930
Total  SS 519,971 27
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(Na, Mg,  K, Ca, Cu, Cr, V, Mn,  Fe, Co, Ni, Zn, Ge, Br and Se) to create
potential disturbing polyatomic interferences, and the response of
the seven elements V, Cr, Fe, Co, Ni, As and Se was recorded. On the
S = sum of squares, df = degree of freedom, MS = mean square, F = ratio, and
 = probability level.

ot shown), a weighted average of SBR responses was  calculated
Table 2B). Then, by applying multiple regression analysis to these
alues, the response variable and the investigated variables allowed
he following second-polynomial equation to be established:

 = 840 + 61X1 + 37X2 + 18X3 + 65X4 + 13X2
1 + 6X1X2 − 8X1X3

+ 7X1X4 + 7X2
2 − 6X2X3 + 4X2X4 + 4X2

3 − 4X3X4 + 3X2
4

The determination coefficient (R2 = 0.977) was obtained by
NOVA of the quadratic regression model, indicating that only
.3% of the total variations were not explained by this model.
he value of the adjusted determination coefficient also confirmed
hat the model was highly significant (adjusted R2 = 0.952). As a
onsequence, the model was found to be adequate for prediction
ithin the range of experimental variables. Significant effects for

nterference elimination are displayed in bold in Table 3, thus the
inear coefficients (X1, X2, X3, X4), the quadratic term coefficients
X2

1 , X2
3 , X2

4 ) and the cross product coefficients (X1X3, X1X4, X3X4)
ere all significant.

Then,  in order to allow the prediction of the SBR response within
he experimentally studied range, the full regression equation was
raphically represented by the three-dimensional response surface
lot (Fig. 1) and two-dimensional contour plot (Fig. 2). In both fig-
res, the SBR was obtained along with two continuous variables,
hile the other two variables were fixed constants.

The 3-D response surface plot, which gives the SBR response as
 function of Hexapole bias, X and Quadrupole bias, X at fixed H
3 4 2
nd He flows (X1 and X2 at centre values), indicated that the area of
aximum SBR is located at the lowest and highest level of Hexapole

nd Quadrupole bias, respectively. On the other hand, the 2-D

Quadrupole bias (V)
Hexapole bias (V)

-9.3 -7.3 -5.3 -3.3 -1.3 -20
-15

-10
460

660

860

SB
R

ig. 1. Response surface plot (3-D) showing the effects of the Hexapole bias and
uadrupole  bias variables at fixed He and H2 flow values (2.75 mL  min−1) on the
BR  response.
 (2011) 2605– 2613

contour plot, which displays the SBR response as a function of H2
flow, X1 and He flow, X2 at fixed Hexapole bias, X3 and Quadrupole
bias, X4 (−9.0 and −13.2 V, respectively), indicated that the SBR
is maximised due to high flows of at least He gas or a mixture of
both He (high level) and H2 gases. Note that to maintain reason-
able sensitivity and to prevent cell pressure regulation problems,
it is better to limit the total amount of gas injected. Then two areas
would be suitable for maximising the SBR: on the one hand, a high
H2 value with a low He value, and on the other hand, a high He
value with a low H2 value. Besides, it should be noted that a high
H2 flow induces the production of considerable second-order spec-
troscopic interferences at m/z = 80 (79Br + 1H → 80BrH), causing a
positive bias of 80Se amounts [34]. Consequently, the optimised
chosen values were defined as follows: He flow: 4.5 mL min−1;
H2 flow: 0.5 mL  min−1; hexapole bias: −9.0 V; quadrupole bias:
−13.2 V.

3.2.  Evaluation of potential interferences

As previously demonstrated [22], the optimised CCT conditions
led to a drastic reduction in the main argon-based interferences
of the major isotopes 52Cr, 56Fe and 80Se at mass to charge ratios
(m/z): 52 (40Ar12C), 56 (40Ar16O) and 80 (40Ar40Ar). In the same
way, the presence of major chloride-based first-order interfer-
ences (40Ar35Cl on 75As, 35Cl16O on 51V and 35Cl16O1H on 52Cr)
was  evaluated. Secondly, the optimised setup conditions for the
potentials between the quadrupole mass analyser and the hexapole
cell constitute non-kinetic energy discrimination (KED) condi-
tions (X4 − X3 < 0). KED values were described as being efficient
at reducing the transmission to the mass analyser of new in-cell
formed interferences [37]. However, several authors did not use
KED in their determinations as optimum operational conditions
[20,38–40] depending in particular on the cell gases used and the
m/z of the element. In these conditions, the generation of second-
order polyatomic ions during the analysis of As was demonstrated
[26]. On the other hand, Fraser and Beauchemin [35] described
the probable occurrence of signal elimination or enhancement
depending on the sample matrix composition. So, to estimate the
presence or absence of both spectroscopic and non-spectroscopic
interferences, different mimetic samples containing high amounts
of non-target elements were used.

3.2.1. Interferences from individual non-target elements
Standard solutions were prepared at four increasing levels

(between 0 and maximum levels defined in Table 4) of each element
basis of the data collected during the first French Total Diet Study

SBR
300
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He flow (mL min-1 )
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2 f
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Fig. 2. Contour plot (2-D) showing the effects of the He flow and H2 flow variables
at  fixed Hexapole bias and Quadrupole bias (−9.0 and −13.2 V, respectively) on the
SBR response.
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Table 4
Possible generated polyatomic species (estimated amounts in brackets in mg kg−1) after spiking of each element at maximum range amounta (nebuliser flow = 0.90 mL min−1).

Interferent Detectable or Quantifiable polyatomic species

56Fe
CCT

59Co 59Co
CCT

60Ni 60Ni
CCT

75As
CCT

82Se 80Se
CCT

Na 23Na16O2
1H+

(0.185)
– – – – – – –

Mg 24Mg16O2
+ (0.641) – – – – – – –

Ca 40Ca16O+ (0.224) 43Ca16O+,
42Ca16O1H+ (0.021)

43Ca16O+

(0.019)

44Ca16O+,
43Ca16O1H+ (0.381)

– 43Ca16O2
+ (0.046) – –

Fe  – – – – – 54Fe18O1H+ (<LOQ) – –
Co  – – – – 59Co1H+

(0.170)

59Co16O+ (<LOQ) – –

Ni – – 58Ni1H+ (0.010) – – 58Ni16O1H+ (<LOQ) – –
74 1 +

g kg−
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Ge  – – – – 

Br  – – – – 

a [Ge] = [Se] = 2 mg  kg−1, [Zn] = [Cu] = Ni] = [V] = [Cr] = [Co] = 20 mg  kg−1, [Mn] = 50 m

36] and the certified values of the commercially available CRMs,
he upper levels for each element were determined as exceed-
ng the maximum amounts that can be reasonably encountered in
oodstuffs. Table 4 summarises the maximum amounts present at
he different m/z and the possible identity of the polyatomic ions
enerated. The amounts of these interferences were calculated at
he highest standard addition amounts of non-target elements, for a
ample weight of 0.3 g and a final dilution volume of 50 mL.  To facil-
tate the reading of the results presented in Table 4, if for example,
0,000 mg  kg−1 of Ca was added without any iron to the solution,
.224 mg  kg−1 at m/z = 56 was detected in CCT conditions, proba-
ly due to the interference from 40Ca16O+. Neither 54Fe and 75As

n standard mode, nor 51V, 52Cr in both modes, appear on the table
ince these isotopes were not disturbed. Similarly, the results of
he spike for K, Cu, Cr, V, Mn,  Zn and Se are not displayed since
here was no signal effect on any of the seven elements. Among
he identifiable first-order polyatomic interferences with the dif-
erent isotopes used in standard mode, 43Ca16O+ for 59Co+ was also
resent in CCT mode, but the amount of this interference remained
ery low. In addition, the polyatomic interference BrH+ (79Br1H+

nd 81Br1H+ for 80Se and 82Se, respectively), was present in both
odes. Note that the amount of this interference diminished by

bout four-fold, while its sensitivity increased by about 3.8-fold
rom standard to CCT mode, indicating that the overestimation of
e would be greater through standard mode analysis and that such
nterference was not significantly alleviated by the optimised CCT.
therwise, it should be noted that the majority of polyatomic ions
ere identified in CCT mode whereas they were absent in standard
ode, revealing the second-order nature of these interferences.
wo types of second-order interferences were listed: oxygen- and
ydrogen-based polyatomic ions. On the one hand, water vapour
r molecular oxygen in the cell gas may  have led to these interfer-
nces [37]. On the other hand, pressurisation of the collision cell

able 5
tandard solution addition effect on signal of V, Cr, Fe, Co, Ni, As and Se in CCT mode (Neb

Mixture added V Cr

I 1.37 1.20 

II 1.39 1.28 

Slope  ratio III 1.12 1.11 

Neb  flow = 0.90 mL  min−1 IV 1.31 1.30 

V 1.30 1.20 

I 1.15 1.12 

II 1.14 1.13 

Slope  ratio III 1.09 1.08 

Neb  flow = 0.76 mL min−1 IV 1.10 1.08 

V 1.08 1.06 

: Na, Mg,  Ca; II: Ca, Ni; III: Co; IV: Br; V: Ca, Fe, Co, Ni, Ge with [Mg] = 3000 mg k
Ge] = 2 mg  kg−1.
Q:  Not quantified.
– Ge H (0.019) – –
– – 81Br1H+ (8.95) 79Br1H+ (2.33)

1, [Br] = [Fe] = 500 mg kg−1, [Mg] = 3000 mg kg−1, [Ca] = [Na] = [K] = 10,000 mg  kg−1.

with pure H2 gas clearly contributed to the formation of the pos-
sible second-order interferences 58Ni1H+, 59Co1H+, and 79Br1H+.
Furthermore, considering the value of the upper levels for the non-
targeted elements, these interferences were insignificant in CCT
mode, except for Na, Mg  and Ca on 56Fe, Co on 60Ni and Br on 80Se. As
a consequence, an overestimation of 56Fe amounts will occur when
analysing e.g. salted meat, spinach or cocoa beverages and dairy
products, containing respectively large amounts of Na, Mg  and Ca
(more than 1000, 500 and 5000 mg  kg−1, respectively). Nonethe-
less, this positive bias would not be significant regarding the large
levels of Fe likely to be quantified in these matrices. Conversely,
the determination of low amounts of 60Ni in seafood products may
be hampered since they can contain several mg  kg−1 of Co. Finally,
selenium quantification based on 80Se cannot therefore be used
directly for the analysis of real samples with the new potential
interferences 79BrH+ (Table 4). As defined in the literature [34,41],
an appropriate correction equation for the signal at m/z = 80 taking
into account bromine hydridation should be applied to remove this
bias:

I80Se = I80 − a × I79Br − I80Kr,

where I: intensity of selected mass; a: rate of hydridation of
bromine (%).

By  plotting the calibration graphs of the standard solution, the
bromine hydridation rate was  determined at 1.1%. Furthermore, the
signal of Kr was  inhibited by CCT mode. So, this correction equation
was used systematically in CCT mode for the determination of 80Se.

3.2.2. Interferences from a mixture of non-target elements

From the results of Table 4, the elements which were considered

to have a spectroscopic influence on a particular target analyte were
added together at their upper level on six standard solutions con-
taining the seven elements of interest, ranging from 0 to 50 �g L−1.

 flow = 0.90 mL min−1 and 0.76 mL  min−1).

Fe  Co Ni As Se

NQ 1.02 1.04 1.34 1.20
1.15 1.16 – 1.26 1.15
1.09 – 1.10 1.09 1.07
1.10 1.09 1.14 0.98 1.03
– 1.16 – 1.25 1.15
NQ 1.12 0.99 1.19 1.14
1.13 1.14 – 1.17 1.08
1.06 – 1.07 1.04 1.02
1.07 1.08 1.06 0.92 0.95
– 1.07 – 1.10 1.01

g−1, [Ca] = [Na] = 10,000 mg kg−1, [Ni] = [Co] = 20 mg  kg−1, [Br] = [Fe] = 500 mg kg−1,
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Fig. 3. (a) Observed recovery for As (white), Se (light grey), V (black) and Cr (grey)
in  CRM IAEA 407 (n = 3) at decreasing nebuliser flow values (A) 0.90, (B) 0.85, (C)
0.80 and (D) 0.76 mL  min−1. * CI = M ± [k × ((CVR × M)/(100 × √

n))] with k = 3, n = 1
sample,  M = 100% and CVR arbitrarily set at 10%. (b) Observed recovery for As (white),
Se (light grey), V (black) and Cr (grey) in CRM IAEA 407 (n = 3) at increasing dilution
factors (A) 1, (E) 3, (F) 5 and (G) 10 at maximum nebuliser flow. * CI = M ± [k ×√
610 A. Kadar et al. / Tala

able 5A presents the slope ratio corresponding to the addition
f these mixtures (or individual additions in the case of Co and
r) of interfering elements (from I to V) at the upper level. Only
n enhancement of the slope of more than 1.20 (20%) is consider
ignificant (based on the intermediate precision CVR = 10%, k = 2,
efined previously [14]). All the calibration curves have a satisfac-
ory determination coefficient (r2 > 0.995, based on a minimum of
our data points), except for Fe with mixture I (Na, Mg,  Ca). Indeed,
he 56Fe slope was  strongly affected by the addition of mixture I and
t was not possible to obtain reliable data. The addition of several of
hese mixtures (from I to V) led overall to an overestimation of the
esponse of the different standards. It should be noted that the stan-
ard mode was more affected by these drastic conditions (data not
hown). As an example, the addition of 20 mg  kg−1 of Co (mixture
II) induced a non significant overestimation of about 10% of the
lope in CCT mode and between 15 and 56% in standard mode for
he selected elements. This clearly also indicates the occurrence of
on-spectroscopic interferences, as previously observed [42]. Until
ow, the mechanism involved has still not been completely eluci-
ated. Fraser and Beauchemin proposed that it could result from
he occurrence of an enhancement in the ion beam, when an eas-
er ionic transmission of the target elements takes place [36]. Co,
i and Fe (except for mixture I) were not disturbed whereas V,
r, As and Se were significantly affected by several mixtures, as

isted in Table 5A. 51V and 52Cr signals, which were not previously
isturbed by spectroscopic interferences, were the most positively
ffected by all the mixtures (except the individual addition of Co
o mixture III), since their respective slopes increased by a maxi-

um of 39 and 30% after the addition of mixtures II (Ca, Ni) and
V (Br), respectively. The 75As signal was enhanced by the pres-
nce of Ca, with a maximum increase in its slope of 34% (mixture
), which is equivalent to overestimating by 1.7 mg  kg−1 a sample

hose real concentration would be 5 mg  kg−1. This overestimation
s greater than that observed in Table 4 when adding the over-
stimation due to the individual interfering elements at m/z 75
about 0.065 mg  kg−1 for Ca, Fe, Co, Ni and Ge), probably due to
he occurrence of signal elimination or enhancement depending
n the sample matrix composition [37]. 80Se showed a significant
ncrease in its slope (20%) only in mixture I and not in mixture
V (Br addition). However, it should be noted that although the Se
lope remained constant, this was due to the effect of the correc-
ion equation on the BrH+ interference. In fact, without correction,
he influence of this spectroscopic interference is also significant
nd could lead to a significant overestimation on 80Se, as shown in
able 4.

.2.3.  Effect of decreasing nebuliser flow
As previously published, the signal enhancement due to these

nterferences could be reduced by decreasing the nebuliser flow
26,43]. After having initially optimised the instrument’s sensitivity
t a maximum flow rate of 0.90 mL  min−1, the flow was diminished
ntil the sensitivity was divided by a threshold factor of about 4
checked by the 115In signal). As listed in Table 5B the analysis at

 low flow rate of 0.76 mL  min−1 made it possible to reduce the
ositive bias of the target element slopes. The overestimation of
he quantifiable amounts decreased for all the elements to a non-
ignificant level. Consequently, the lowering of nebuliser flow was
onsidered beneficial for significantly reducing non-spectroscopic
nterferences. Indeed, the nebuliser flow decrease led to higher
lasma temperature allowing thus a higher yield of isotopes ion-

zation and a lower matrix effect.
.2.4. Influence of dilution and decreasing nebuliser flow on
rueness

The  literature also reports that non-spectroscopic effects could
e reduced not only through decreasing the nebuliser flow but also
((CVR × M)/(100 × n))] with k = 3, n = 1 sample, M = 100% and CVR arbitrarily set at
10%.

by sample dilution before analysis [43]. Thus, on the basis of the
optimised settings (He flow: 4.5 mL  min−1; H2 flow: 0.5 mL  min−1;
quadrupole bias: −9.0 V; hexapole bias: −13.2 V), five samples of
the CRM IAEA 407 were digested in triplicate and subjected on one
side to three-fold, five-fold and ten-fold dilutions. On the other
side, the non-diluted extracts were analysed at four decreasing
nebuliser flows, 0.90, 0.85, 0.80 and 0.76 mL  min−1. As displayed
in Fig. 3a and b, decreasing the nebuliser flow or diluting the sam-
ple both led to improved trueness, especially As in particular. For
the other elements, the best results within the confidence interval
were observed for conditions D (0.76 mL  min−1) and F (five-fold
dilution), excepted V with the best results obtained in condition
C (0.80 mL  min−1). So, to assess the effect of decreasing nebuliser
flows and dilution on sensitivity, the limits of quantification were
estimated in conditions A to F according to the NF EN 13804 stan-
dard and were defined as six times the standard deviation of the
average from the 21 different sample blanks quantified over several
months after correction for sample weight (0.3 g) and dilution [30].
A five-fold dilution multiplied the LOQ by the same factor, whereas
a reduction in nebuliser flow had a less negative impact on sen-
sitivity (Table 6). Indeed, at the minimum nebuliser flow rate, the
LOQs were multiplied by about one to three-fold.

Consequently, and despite the slightly less satisfying trueness,
the reduction in the nebuliser flow limited the increase of LOQ

compared to a five-fold dilution. Additionally, it had the advan-
tage of treating all the samples without an additional dilution step.
The method was thus validated by systematically applying the
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Table 6
Influence of nebuliser flows and dilution factors on LOQ.

LOQ (mg  kg−1)

V Cr Fe Co Ni As Se

0.90 0.003 0.018 0.187 0.004 0.085 0.006 0.011
Nebuliser flow (mL min−1) 0.85 0.003 0.025 n/a 0.004 0.086 0.006 0.013

0.80  0.003 0.025 n/a 0.004 0.191 0.006 0.016
CCT 0.76  0.003 0.025 0.237 0.004 0.254 0.008 0.027

0  0.003 0.018 0.187 0.004 0.085 0.006 0.011
Dilution factor 3 0.009 0.054 0.561 0.012 0.255 0.018 0.033

5  0.015 0.090 n/a 0.020 0.425 0.030 0.055
10  0.030 0.180 n/a 0.040 0.850 0.060 0.110

n
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Standarda 0.005 

/a: not available;
a Neb flow = 0.90 mL  min−1.

ebuliser flow diminution approach after initial optimisation of the
nstrument’s sensitivity at a high flow rate.

.3. Method validation results

.3.1.  Range of linearity and LOQ
To carry out this study, six concentration levels ranging from

 to 50 �g L−1 (0, 2, 5, 10, 20 and 50 �g L−1) were prepared and
nalysed (n = 7). For all seven elements, the linear regression model
as acceptable and no deviation from the regression model was

bserved in the defined range (data not shown). As described above,
he LOQs were established for the target elements listed in bold in
able 6. In comparison, the LOQs measured in standard mode are
isplayed in italics. Globally, the optimised CCT mode remains the
ost sensitive in spite of the nebuliser flow decrease. Nevertheless,

he LOQ of 60Ni (0.254 mg  kg−1), which increased by about three-
old when the nebuliser flow was decreased from the highest to
he lowest value, was significantly higher than the LOQ evaluated
n standard mode (0.097 mg  kg−1).

.3.2.  Specificity
According to the NF V03-110 standard [31], to check the speci-

city of the method (lack of interferences), recoveries of spiked
tandard solutions in the defined calibration range were measured
n several matrices after digestion. The amounts added were sim-
lar to those initially quantified in the different food samples. For
ach element, a graph was plotted using the amount added versus
he amount recovered. The hypotheses of a slope different from 1
nd an intercept different from 0 were evaluated using Student’s t-
est. Table 7 shows that t observed < t critical value for all elements
i.e. the slope and intercept of each regression line) was  not equiv-
lent to 1 and 0, respectively. As a consequence, the specificity of
he method was considered acceptable.

.3.3. Precision under repeatability and intermediate
eproducibility conditions
The  precision under repeatability (calculated as percentage
oefficient of variation) CVr was estimated by performing an
nalysis of p > 10 different samples (e.g. shrimp, scallop, ham, liver,
amburger, seeds, etc.) and n > 2 replicates [31]. For each analyte,

able 7
esults of specificity test.

V Cr 

Slope (line of unity slope = 0) 1.076 0.958 

Standard  Deviation (s) of the slope 0.031 0.035 

Intercept  (line of unity intercept = 1) 0.149 0.478 

s  of the intercept 0.303 0.371 

Number  of determinations 50 43 

TCritical value 2.682 2.701 

Tobserved − Hypotheses test of slope /=  1 2.428 1.205 

Tobserved − Hypotheses test of intercept /=  0 0.491  1.287 
0.041 0.794 0.004 0.097 0.008 0.125

CVr = (100 × sr/M) where M is the mean of observed values, and s2
r

is the repeatability variance, was  determined through the analysis
of different samples at various levels. The Cochran test was per-
formed in order to check the stability of the precision. The results
demonstrated that the variance was homogeneous for the seven
target analytes with max  (s)2 or log max  (s)2 < critical value, and the
within-test variance showed acceptable repeatability CVr varying
from 4.8 to 9.2% (Table 8). In addition, the intermediate preci-
sion reproducibility was  assessed by quantifying a CRM (TORT 2)
in duplicate more than 10 times on different days over several
months, with four different operators but with the same instru-
ment: CVR = (100 × sR/M) = (100 ×

√
s2

r + s2
L /M), where s2

L is the
variance that measures sample variations and s2

r the repeatabil-
ity variance [31]. The intermediate precision CVR was in the range
of 8.8–13.7% depending on the element (Table 9). This range of
CVR is very similar to those observed in standard mode condi-
tions [14,44]. For practical reasons and for assessing the uncertainty
measurement of the method, the CVR was  extended to 15% for all
elements.

3.3.4. Trueness
The  trueness of the method was evaluated by the same opera-

tor on TORT 2 (n = 6) according to the FD V03-115 standard [32].
The mean value of the six replicates should lie between the confi-
dence interval (CI) determined from the certified value (M) of the
CRM as:

CI  = M ±
[

k × CVR × M

100 × √
n

]
,

where k = 3 (p = 99%), n = 6 and CVR = 15%.
Good agreement between the observed and certified values was

found with the defined CI and with the CI of the CRM for V, Fe,
Co and Se, but not for Cr whose value was slightly lower than the
CI (Table 9). Furthermore, Table 10 displays the results obtained
with the other CRMs analysed in CCT and standard modes (IAEA

407, NIST 1573a, BCR 278R, FAPAS R 761). The calculation of the
Z-scores enables the magnitude and the sign of the bias to be char-
acterised at the same time, i.e. over- (Z > 0) or under-estimation
(Z < 0). The statistics of a normal distribution reveal that about 95%

Fe Co Ni As Se

0.933 0.979 1.005 1.099 0.938
0.047 0.027 0.029 0.080 0.049
1.315 0.121 -0.013 0.041 0.404
1.100 0.275 0.277 0.806 0.470
21 46 48 44 50
2.861 2.692 2.687 2.698 2.682
1.416 0.784 0.167 1.235 1.268
1.195 0.440 0.047 0.051 0.860
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Table 8
Results of repeatability (precision under repeatability conditions) test (mg kg−1).

sr
a s2

r CVr mean (%) Max  (s)2 or Log Max  (s)2 Cochran test (critical
value  = 0.6840)b

V 0.1264 0.0160 7.8 6.0744 0.1613
Cr 0.1070  0.0114 9.2 5.0503 0.1223
Fe  1.5353 2.3571 4.8 9.0155 0.3477
Co  0.0968 0.0094 5.4 9.2501 0.1561
Ni  0.1075 0.0116 8.0 5.9543 0.1295
As  0.3388 0.1148 6.5 0.5792 0.4587
Se 0.1404  0.0198 8.2 4.7297 0.1422

a 11 various samples at different levels in the defined linear range for the 8 elements and n = 2 measurement values.
b Critical value at the 1% significance level (p = 11; n = 2).

Table 9
Results of trueness and intermediate precision reproducibility.

TORT 2 Mean (mg  kg−1) s (mg  kg−1) CV (%) CI (mg  kg−1)

V Observed mean 1.79 0.03 1.5
Certified  value 1.64 0.06 3.9 1.45–1.83a

Reproducibility 10.2b 1.34–1.94c

Cr Observed mean 0.56 0.02 4.2
Certified  value 0.77 0.05 6.5 0.62–0.92a

Reproducibility 13.7b 0.63–0.91c

Fe Observed mean 98 1 1.0
Certified  value 105 4 4.1 92–118a

Reproducibility 8.b 86–124c

Co Observed mean 0.48 0.00 1.0
Theoretical value 0.51 0.03 5.9 0.42–0.60a

Reproducibility 11.5b 0.41–0.60c

Ni Observed mean 2.12 0.03 1.2
Certified  value 2.50 0.06 2.5 2.31–2.69a

Reproducibility 12.3b 2.04–2.96c

As Observed mean 24.2 0.5 1.9
Certified  value 21.6 0.6 2.8 19.8–23.4a

Reproducibility 11.8b 17.6–25.6c

Se Observed mean 6.25 0.17 2.7
Certified  value 5.63 0.23 4.1 4.96–6.30a

Reproducibility 12.9b 4.60–6.66c

a Confidence interval of the CRM.
b CVR = Intermediate precision coefficient of variation.
c CI = M ± [k × ((CVR × M)/(100 × √

n))], where k = 3, n = 6, M = reference value and CVR = 15%.

Table 10
Compared CRM results (mg  kg−1) in CCT and standard modes.

Analyte Reference material Certified valuea CCT mode Standard mode

Observed value Z-scoreb Observed value Z-scoreb

V TORT 2 1.64 ± 0.19 1.79 0.6 1.82 1.0
IAEA  407 1.43 ± 0.09 1.35 −0.4 1.29 −1.1
NIST  1573 a 0.835 ± 0.010 0.652 −1.9 0.590 −4.2

Cr  TORT 2 0.77 ± 0.15 0.56 −2.5 0.81 0.3
IAEA  407 0.73 ± 0.06 0.56 −2.0 0.67 −0.6
BCR  278R 0.78 ± 0.06 0.71 −0.7 0.91 1.0
NIST  1573 a 1.99 ± 0.06 1.50 −2.2 1.46 −2.4

Fe  TORT 2 105 ± 13 98 −0.5 76 −2.5
IAEA  407 146 ± 3 123 −1.2 86 −4.7
NIST  1573 a 368 ± 7 318 −1.0 222 −4.4

Co  TORT2 0.51 ± 0.09 0.48 −0.4 0.46 −1.1
IAEA  407 0.10 ± 0.01 0.08 −0.7 0.09 −1.1
NIST  1573 a 0.57 ± 0.02 0.52 −0.6 0.48 −1.9

Ni  TORT 2 2.50 ± 0.19 2.12 −1.2 2.12 −1.2
IAEA  407 0.60 ± 0.05 0.44 −2.4 1.07 2.9
NIST  1573 a 1.59 ± 0.07 1.48 −0.5 2.33 2.1

As  TORT 2 21.6 ± 1.8 24.2 0.7 24.8 0.9
IAEA  407 12.6 ± 0.3 14.0 0.7 13.3 0.4
BCR  278R 6.07 ± 0.13 6.77 0.7 7.13 1.0
NIST  1573 a 0.112  ± 0.004 0.182 2.6 0.699 5.6
FAPAS  R 761 0.054 ± 0.012 0.089 2.6 0.072 1.7

Se  TORT 2 5.63 ± 0.67 6.57 1.0 7.25 1.5
IAEA  407 2.83 ± 0.13 2.77 −0.1 2.96 0.3
BCR  278R 1.84 ± 0.10 1.79 −0.2 2.42 1.6
NIST  1573 a 0.054  ± 0.003 0.069 1.4 2.11 6.5

a Uncertainty given at 95% confidence interval.
b Z-score = (Xf − Xc)/(SR) where Xc is the certified value and SR the standard deviation for the intermediate precision reproducibility (n = 1).
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f data points will lie between a Z-score of −2 and +2; when the
bsolute value of Z-score was between 2 and 3, results were ques-
ionable. When the absolute value of Z-score was  greater than or
qual to 3, results were unacceptable.

The results obtained in CCT mode were generally satisfactory
nd more accurate since the Z-scores were smaller in absolute value
han in standard mode (Table 10). Furthermore, the unacceptable
-scores (|Z| > 3) obtained in standard mode (V, As, Fe, Se in NIST
573a and Fe in IAEA 407) were reduced in CCT mode to accept-
ble or at least questionable Z-scores. It should be noted that the
orrection equation of Br was very useful for the determination of
0Se, notably with NIST 1573a. The Z-score of As in NIST 1573a was
educed from 5.6 in standard mode to 2.6, suggesting persistence
f the interferences in spite of the very significant improvement
n trueness in CCT mode. It is probable that the trueness could not
e improved further, due to a persistent spectroscopic interference
uch as that from the polyatomic ions 40Ca35Cl+ which were not
ompletely eliminated ([Ca] = 50,500 mg  kg−1, [Cl] = 6600 mg  kg−1)
r due to non-spectroscopic interferences likely to persist in such
ich matrices ([Ca] = 50,500 mg  kg−1, [Mg] = 12,000 mg  kg−1) as dis-
ussed in Section 3.2.2.

Finally, the Z-scores for Cr (TORT 2, IAEA 407) and As (R 761)
n CCT mode were above the ones in standard mode, but remained
cceptable or (|Z| < 3). For Cr, the explanation of the underestima-
ions observed on these CRMs in CCT mode remains unknown.
owever, the degradation of the Z-score of As in CCT mode was
xpected (Z = 2.6 instead of 1.7 in standard mode), due to both the
ersistence and the newly in-cell formed polyatomic ion 40Ca35Cl+

n such a rich matrix (2190 mg  Ca kg−1 estimated). This demon-
trates the limits of the CCT method, whatever the conditions used
o accurately quantify low contents of As in a matrix containing
igh Ca level such as milk and milk products.

. Conclusion

The experimental design methodology enabled the optimum
CT parameters to be set in order to drastically reduce first-order
pectroscopic interferences observed by ICP-MS detection. Nev-
rtheless, it was demonstrated that second-order spectroscopic
nterferences may  form and persist since the optimised quadrupole
nd hexapole voltages did not enable kinetic energy discrimina-
ion. Indeed, even though the overall interferences were considered
egligible, the in-cell formation of 79Br1H may  induce a signifi-
ant positive bias on the 80Se signal. That is why the H2 flow was
et as low as possible at the conclusion of the optimisation pro-
ess with the use of an appropriate correction equation. On the
ther hand, non-spectroscopic interferences, which may  occur in
ich food samples, could not be influenced by CCT but were suc-
essfully attenuated by decreasing nebuliser flow with acceptable
OQ, for some particular matrices, an overestimation might occur.
n addition, CCT mode showed better recoveries overall for CRM

nalysis compared to standard mode, except for Cr which was  often
nderestimated. Finally, the method validation process showed
atisfactory results for all seven elements in the most common food
amples.
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