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element analysis of samples with high matrix content, which simplifies opera ion . ajf

significantly increases sample throughput and productivity.

1. Introduction

Trace element determination is constantly in high demand throughout the world for a large variety
of purposes (e.g., environmental pollution monitoring, human health assessment, quality control
in high added value products), some of which are linked to quick-decision making and major
conclusions. This fact has led to an on-going requirement to develop analytical methodologies for
their accurate and reliable determination in samples of different kinds (e.g., sediment, biota
organisms or seawater). In this sense, analytical chemistry plays an essential role in the
achievement of the United Nations’ 17 sustainable development goals for 2030,! in particular with
those related with good health and well-being, sustainable production and climate change.
Conventionally, testing laboratories employ analytical procedures that involve classical
calibration techniques. Whenever larger number of samples need to be analyzed on a daily basis,
the implementation of methods that do not require the establishment and periodical verification
of a calibration graph may be advantageous as it involves significant savings in time and cost of
analysis.

The isotope dilution inductively coupled plasma mass spectrometry (ID-ICP-MS) has been
identified by the Consultative Committee for Amount of Substance (CCQM, Comité Consultatif
pour la Quantité de Matiere) to have the potential to be a primary method of measurement
(PMM), with the highest metrological standing.?”” This methodology presents several advantages
over other analytical methodologies conventionally employed in testing laboratories for trace
elements determination, highlighting that measurements must be accepted without the use of
external analytical standards (i.e., the external calibration graph is avoided).

In spite of this, ID-ICP-MS is traditionally practiced only in laboratories for reference
measurements and for any cases where the high accuracy criterion is of great importance to the
analytical results.® Batch ID-ICP-MS is also regarded as being expensive and time-consuming
since each sample is spiked individually. However, sample spiking can be simplified by the on-
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line addition of the spike solution to the sample, a concept which was first introduced bEy |Laisztl

OI:10.10397/D0JA00262C

et al. in 1989 for elemental analysis.” There are many ways in which on-line ID-ICP-MS (OID-
ICP-MS) has been implemented, the main ones being the mixing using a “Y” or “T”
connection>%19-14 and the flow-injection mode.!>!

Recently, a novel multinebulizer has been developed, which allows the simultaneous introduction
of two or more liquids into the plasma with an efficient mixing between them, since the mixing
takes place under turbulent conditions of high pressure at the inner part of the tip of the nebulizer.
This mixing process inside the nebulizer creates a new concept in nebulization which has been
reported to be successful in on-line standard dilution analysis requiring the simultaneous
introduction of aqueous and organic solutions.!”

Following this line of research, an OID-ICP-MS methodology based on the multinebulizer is
presented. This multinebulizer incorporates two liquid inlets which enable the on-line sample
spiking by means of an effective mixing between the spike (i.e., isotopically enriched standard)
and the sample (i.e., natural isotopic composition) solutions. The target of this study is to improve
the productivity of laboratories in the analysis of samples with a complex matrix by the
combination of the new multinebulizer and the on-line ID-ICP-MS analysis. Thus, this
conjunction gives rise to high quality results as well as the reduction of human intervention
required for individual spiking, shorter total analysis time and cost savings.

In order to assess the proposed method applicability six trace elements (i.e., Cd, Cu, Hg, Ni, Pb,
Zn) in a certified reference material (CRM) of marine biota (IAEA-476) have been determined.
This CRM is widely used as a quality control material for ecological and toxicological risk

assessments (i.e., marine pollution monitoring and food safety).

2. Experimental part

2.1. Reagents and Materials

High-quality Milli-Q water (18.2MQ-cm resistivity) obtained from PureLab Flex 3 system (Lane
End, United Kingdom) was used throughout this work. Ultra-pure HNO; (Merck, Darmstadt,

Germany) and H,0, (Merck) were used for sample digestion.
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87  %7Zn), designed for quantitative analysis by OID-ICP-MS and accredited by ENAC (Entidad
88  Nacional de Acreditacion, accreditation no. 3/PMR004) was obtained from ISC-Science (Oviedo,
89  Spain). The certified abundance values and concentrations of the elements in the spike solution
90  are shown in Table 1.
91  The fish homogenate Certified Reference Material IAEA-476 was obtained from the International
92  Atomic Energy Agency (IAEA, Principality of Monaco).
93 The natural isotopic composition multiclement standard (st) (Cy,= 100 ng g*!' for Cu, Ni, Pb and
94  Znand 4 ng g! for Cd and Hg), and quality control samples (QC), QC1 and QC2, were prepared
95 by appropriate gravimetric dilution of single-element 1000 mg L' standard solutions with natural
96 isotopic composition from High Purity Standards (Charleston, SC, USA) with a solution
97  containing 2 % (w w!) nitric acid. The natural isotopic abundances of the elements of interest,
98  with the exception of lead, were taken from IUPAC tables'® and are shown in Table 1. The QC1
99  concentration is 20 ng g'! for Cu, Ni, Pb and Zn and 2 ng g for Cd and Hg while the QC2
100  concentration is 10 ng g! for Cu, Ni, Pb and Zn and 2 ng g'!' for Cd and Hg. These solutions were
101  used for mass discrimination correction during ICP-MS measurements.'>?° Among all of the
102  naturally occurring lead isotopes only 2%Pb is nonradiogenic, whereas 2°Pb, 20’Pb and 2%*Pb are
103  daughter products from the radioactive decay of 238U, 235U, and 23’Th, respectively. This fact
104  produces small Pb isotope abundance variations in the nature.!*2 For this reason, the isotopic
105  composition of lead in the natural isotopic composition standard solution was determined by
106  independent ICP-MS measurements of different pairs of Pb isotopes ratios: 24Pb/?%Pb,
107  206Pb/208Pb, and 2°7Pb/?®Pb. A certified isotopic reference material NIST SRM-981 (National
108  Institute for Standard and Technologies, USA) was used for mass discrimination correction when
109 Pb isotope ratios were measured. The lead isotopic composition in the natural isotopic
110  composition standard solution is also shown in Table 1.
111
112 2.2. Instrumentation
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Acid digestion of the sample was carried out in a closed vessel device using a Milestoggl_
microwave acid digestion system (Sorisole, Italy), equipped with 10 polytetrafluoroethylene
vessels. The samples were digested at conditions recommended by the manufacturer (Application
note HPR-FO-17 for dried fish).

All isotope ratio measurements were performed with an inductively coupled plasma mass
spectrometer (model 7700x, Agilent Technologies, Santa Clara, CA, United States), working in
helium collision mode with the 3™ generation Octopole Reaction System (ORS?) for better
polyatomic interferences removal. A standard quartz torch (i.e., 2.5 mm internal diameter) and
standard nickel cones (i.e., sampler and skimmer) were used, while no instrument’s autosampler
was used throughout the work. The ICP-MS operating conditions, which were auto-tuned using
the 7700 MassHunter software, are listed in Table 2. Total analysis time per sample, including
wash-in and wash-out, was 3 minutes.

The selection of the isotopes to be measured in the ICP-MS was done with respect to the
availability in the spike material, abundance of the isotopes, and possibility of spectral
interferences. The signal intensities used for isotope ratio measurements (Table 3) were corrected
for instrumental background, dead time,”* and possible spectral interferences. Dual rinsing
followed by a check of the instrumental background was performed to monitor sample memory
effects and correct for them, if necessary. The dead time value was determined according to a
method described by Nelms et al.?*

Cd measurements by ICP-MS can easily suffer from isobaric (!'*Sn) and polyatomic (MoO" and
ZrO formation) spectral interferences. These spectral interferences were partially removed using
the helium collision mode. In order to take into account the potential interferences, together with
Cd isotopes, the intensities of *°Zr, ®*Mo and ''’Sn were also monitored. Cd interferences were
overcome by the application of correction equations.?>?*> The rest of selected isotopes were free

of spectral interferences.

2.3. Sample pretreatment

Start\@v Article Online
+10.1039/D0JA00262C
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140 A portion of ~0.2 g of the biota sample was weighed directly into a polytetraﬂuoroethleeéll:elgelgg9 e e
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141  and 7 mL of HNO; 65 % (w w!) and 1 mL of H,O, 30 % (w w!) were subsequently added. The
142 heating program was applied in two steps: (1) 15 min to reach 200 °C and (2) 15 min at 200 °C,
143  and an additional 15-min cooling step. A maximum 1.5 kW of microwave power was applied.
144 After completing the digestion and cooling down steps, the final digests were diluted to 50 g of
145  final solution with Milli-Q water, filtered through syringe with 0.45 pm pore size polyvinylidene
146  fluoride filters (Millipore, Madrid, Spain) and then stored in polyethylene tubes at 4 °C until the
147  analysis.

148  In order to avoid memory effects from previous experiments, the set of polytetrafluoroethylene
149  vessels employed for sample digestion were first cleansed using a microwave procedure,
150  consisting of the addition of 8 g of concentrated HNO; to each vessel, followed by a microwave
151  treatment at 350 W during 10 min to reach 100 °C and 10 min at 100 °C (i.e., 20 min in total).
152  This procedure was performed twice before sample digestion.

153  Four procedural blanks (i.e., digestion vessels with no sample) were also prepared and subjected
154  to the entire analytical methodology together with the fish homogenate replicates in order to
155  evaluate the contribution of the blank contamination. Six replicates were prepared for the analysis.
156

157  2.4. On-line isotope dilution

158  The nebulizer used in this study was a multinebulizer (MultiNeb®, Ingeniatrics, Seville, Spain)
159  (Figure 1) which incorporates two independent liquid inlets into a single nebulization body with
160  a common nebulization gas inlet and a unique outlet orifice. The liquid streams are mixed at the
161  tip inside the nebulizer in the aerosol phase at high pressure and the aerosol resulting from the
162  mixture of the liquids exits by the unique hole. As a result, there is an increase in the mixing
163  efficiency and in chemical reaction speed. This nebulization device significantly improves earlier
164  prototypes described elsewhere?® and it has been already applied to other calibration
165  methodologies with successful results.!”

166  The liquid sample introduction system was composed by a multinebulizer coupled to a quartz
167  double pass Peltier-cooled (2 °C) spray chamber without any additional modification required, as

6
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the multinebulizer is built on the right dimensions to allow the easy connection to any commere
spray chamber conventionally used in ICP-based techniques. Two Tygon® peristaltic tubes for
aqueous solutions (R-3607, white-white code color, i.d. 1.02 mm, Ismatec Cole-Parmer GmbH,
Wertheim, Germany) were used for the sample/standard and spike solutions.

The on-line sample spiking was achieved by using both liquid inlets of the multinebulizer: one
inlet (Channel 1, flow rate: 0.3 mL min™') for the continuous multielement spike solution addition
and the other one (Channel 2, flow rate: 0.3 mL min™!) for the sequential introduction of the natural
isotopic composition reference standard, the procedural blanks and the liquid samples solutions.
Thus, the two solution streams were mixed inside of the tip of the nebulizer, leading to a primary
aerosol of the resulting blend.

In this work, analyte concentrations in the sample digests, C, were calculated using the following
simplified equation, obtained from the double IDMS (i.e., combination of direct and reverse

IDMS), in which a natural abundance standard is measured with the samples to eliminate the

concentration of the spike solution from the equation:?3%’

C C 1- RstRan - Rsp 1
s Stl - RmRnRst - Rsp ( )

where C; is the concentration of the analyte in the sample digest solution (s); Cg, the concentration

of the analyte in the reference standard with natural isotopic abundance (st); Ry, the isotope ratio

sp>
of the spike solution (sp); R,, the natural isotope ratio of the analyte (IUPAC value'®); R,,, the
measured isotope ratio of the mixed sample and spike solution (s + sp); and R, the measured
isotope ratio of the mixed reference standard and spike solution (st + sp).

From the equation above, it seems clear that the only parameters that needed to be experimentally
determined for the calculation of C, were R, and Ry, Both isotope ratios were determined by OID-
ICP-MS measurements and then incorporated into the equation.

The individual uncertainty components of the parameters in the model Equation 1 were combined
according to the ISO guidelines.?® The uncertainty for the isotope abundances in the multielement

spike solution were given on its corresponding certificate. The reference standard and quality

control solutions were assumed to contain natural isotopic composition of Cd, Cu, Hg, Ni and Zn

1039/D0JA00262C
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and their isotope abundancy uncertainties were taken from [UPAC.'® Lead isotopic COS%P?OSiU

1039/D0JA00262C

instead, was determined experimentally by ID-ICP-MS measurements within the same analytical
run (Table 1).

Combined standard uncertainties of the results were obtained according to the uncertainty
propagation law. The values for the isotope ratios selected for the analysis in the multi-spike

solution and naturally present in the sample are shown in Table 3.

2.5. Analysis procedure

In this work, the Agilent’s Application Note for the on-line isotope dilution analysis with the 7700
Series ICP-MS?® was used as a guide.

In ICP-MS the transmission of the different isotopes of the same element into the mass
spectrometer is mass dependent. Some physical processes that take place in the extraction
interphase produce an enrichment in the ion beam of the heavier isotopes with respect to the light
isotopes of the element, resulting in a preferential loss of the light isotopes (i.e., heavier isotopes
are transmitted more efficiently than lighter isotopes). This physical effect is called mass
discrimination and causes a measurable mass bias in the obtained isotope ratios that needs to be
corrected for.2”-30-32 The standard-sample bracketing method*} was employed in the proposed
analytical procedure (OID-ICP-MS) for calibration and an effective mass discrimination
correction. For this method, before and after each batch a standard solution with known isotopic
composition was analyzed. The mass bias correction factor was obtained by comparing the
measured isotope ratios with their theoretical values, according to ITUPAC abundances.'®

A scheme of the analysis procedure is shown in Figure 2. Channel 1 remained exclusively for the
continuous introduction of the spike solution. The rest of solutions (e.g., standards, procedural
blanks, samples) were introduced through Channel 2. In the first place, a reference standard
solution (Cg: 100 ng g'!' for Cu, Ni, Pb and Zn, 4 ng g!' for Cd and Hg) with known isotopic
composition was analyzed at the beginning of the analysis. Ry value in Equation 1 was obtained
from this measurement. Then, after careful check of the instrumental background, procedural
blank solutions were analyzed. The sample was later analyzed three times per replicate.

8
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" 223 Procedural blank corrections were performed by subtracting the concentration obtaerlggl%)nlotzlg e e
Z 224  procedural blank solutions using Equation 1 to the concentrations observed in the sample
; 225  replicates. The average final concentration as well as standard deviation was calculated for each
?O 226  element. Further Quality Control (QC) standards with natural isotopic composition but lower
1 .

12 227  concentration values (QC1: 20 ng g! for trace elements, 2 ng g! for Cd and Hg; QC2: 10 ng g'!
13

14 228  for trace elements, 2 ng g! for Cd and Hg) were also analyzed every three sample replicates in
15

§6 229  order to check for mass drift and to verify that the obtained recovery values were close to 100 %.
g7

g8 230

J9

%O 231 3. Results and discussion

Q1

%2 232 3.1. CRM analysis and uncertainty estimation

23

gg 233  In conventional isotope dilution analysis, the amount of spike added to the sample is usually
g? 234  optimized by calculating the ideal ratio using the error magnification factor, fz. This factor
%g 235  depends on the isotopic abundances of the enriched element spike, as well as of the natural
B0 . . . o o .

§1 236  isotopic abundances of that element in the samples. For the on-line isotope dilution analysis, the
32 : : . : . :
33 237  spike amount is constant, but it is preferable to “over-spike” the samples to yield better counting
4

35 238  statistics and therefore less uncertainty in the isotope ratio measurements.®?° The effective
36

%7 239  quantitative range of OID-ICP-MS depends on the concentration of the reference standard for
28
B89 240  each analyte. The concentration of each element in the reference standard should ideally be
30

41 241  midway between the lower and upper quantification limit, becoming into a quantification range
42

43 242 of at least 4 orders of magnitude. Therefore the concentration levels of analytes in the
44

22 243  multielement isotopic standard are matched to the reference standards used.?’ In this work, the
j; 244  optimization of the concentration of the selected elements in the spike solution was based on the
49 . . . . . . o
50 245  spike data from their respective certificates, and the data from a preliminary semi-quantitative
51

52 246  analysis of the analyzed sample. The optimum values for the blend isotope ratios for the respective
53

54 247  elements were calculated as a compromise between lowest error magnification factor’* (i.e.,
55

56 248  concentration levels that would provide a minimum error propagation from the measurement of
57

58 249  the isotope ratios in the blends), sufficient counting rate and the detector range of the instrument,
59

60 250 taking into account the expected concentration of the corresponding elements in the sample. Since

9


https://doi.org/10.1039/d0ja00262c

oNOYTULT D WN =

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

Journal of Analytical Atomic Spectrometry

the elements of interest were present in the multielement spike solution at the approp&i)a}_t?oll%\g“g}”

(Table 1), the on-line spike standard addition was feasible.

The analytical performance of the proposed OID-ICP-MS method was evaluated. As it can be
seen in Table 4, the concentrations found in the fish homogenate reference material were in good
agreement with the certified® and information values for all the analytes. Trueness of results
obtained with the proposed method was verified by evaluating recovery values of each analyte.

Recovery values were found within the range of 97-103 %.

Regarding the uncertainty estimation, the uncertainty of each component in Equation 1 and other
possible biases were carefully evaluated and the relative expanded uncertainties associated with
each element (k = 2) were as follow: on the Cd (U" = 1.8 %), Cu (U" =1.2 %), Hg (U" = 5.4 %),
Ni (U= 0.7 %), Pb (U = 0.8 %) and Zn (U" = 0.7 %). The uncertainty estimation was fit for
purpose for all the analytes as the relative expanded uncertainty values were within 1-5 %. Only
a high uncertainty value was noted in the recovery value for Ni (31 % RSD), mainly arising from
the high relative expanded uncertainty value given from the certification report (U” = 31 %, 14
participant laboratories). These low uncertainty values offer a great advantage over other
conventional analytical methodologies commonly employed for the same purpose, as the analysis
of trace metals in environmental samples often generates data with large uncertainty values. The
term “‘environmental samples” includes samples of different nature, with variable matrix
composition and components that may produce interferences. This fact justifies large uncertainty
values usually obtained in the analysis of this type of samples, mainly due to polyatomic
interferences coming from the matrix. The lower uncertainty values obtained with the proposed
OID-ICP-MS methodology demonstrate that it was less susceptible to matrix effect that other
calibration methodologies (e.g., external calibration). Even though it is true that this fact had been
previously proven with other on-line isotope dilution analysis methodologies,*?* advantages from

a practical point of view should be also highlighted.

There are several practical benefits of implementing the proposed OID-ICP-MS methodology

using the multinebulizer. Firstly, the individual spiking step is avoided, which is often a main

10
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1
2
3 278  error source of the expanded uncertainty estimation as it is prior to isotope equilibrium, therely Aticte Online
4 DAI:10.1039/D0JA00262C
Z 279  also reducing sample handling and analysis time per sample. Considering the sample
; 280  pretreatment, a throughput of 10 samples per hour could be analyzed using OID-ICP-MS. The
?O 281  same analysis was performed by batch procedure,? yielding a throughput of 1 sample per hour.
11
12 282  This fact has a direct beneficial impact on the costs of the analysis. The only sample pretreatment
13
14 283  required in this method was sample digestion, that could even be omitted in the case of liquid
15
§6 284  samples (e.g., wastewater). Moreover, it should be noted that the analysis of the fish sample using
g7
98 285  OID-ICP-MS just required the preparation of three standard solutions (i.e., Reference standard,
39
%O 286  QCI1 and QC2) for all the analytes and that they could be used for the analysis of more samples.
@1
%2 287  The method has been implemented in the [TAEA-476 CRM simply for the convenience, but several
23
gg 288  high-matrix samples, which are commonly employed in toxicological and ecological risk
g? 289  monitoring (e.g., wastewater, sediment, seawater) could have been used instead.
28
29 290
B0
=]
?1
32 291  3.2. Limits of detection and quantification (LOD and LOQ)
33
34 . o . . .
35 292 According to the Eurachem guidelines,*® both LOD (i.e., the level at which detection of the
36
%7 293  analyte becomes problematic) and LOQ (i.e., the lowest level of analyte that can be determined
8
§9 294  with acceptable performance) are normally calculated by multiplying the obtained standard
20
41 295  deviation at low levels (expressed in concentration units) by a suitable factor, ky. The number of
42
43 296  Dblank replicates measurements should be sufficient to obtain a reliable estimate of the standard
44
45 297  deviation, being 10 replicates often recommended. The LOD in elemental ID-ICP-MS is
46
j; 298  commonly estimated following the ‘3s’ approach (i.e., ky = 3),%* while the [IUPAC default value
gg 299  for LOQ estimation is kp = 10.
51
52 300 Hence, 10 replicate measurements of the procedural blanks were performed and their
53
gg 301  corresponding concentrations were calculated using Equation 1. The standard deviation of the
g? 302  resulting concentrations was used for calculating both the LOD and the LOQ.
58
59
60
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304  Pb and Zn with the proposed OID-ICP-MS methodology using the multinebulizer are shown in
305  Table 5. The relatively high LOD and LOQ values reported for Ni and Zn are presumably due to
306 contamination arising from rather unexpected sources, particularly with Zn, which is present in
307  the laboratory environment, despite the extensive cleaning of the labware and the high purity of
308  chemicals used in the present study. The elevated level of Ni is most probably coming from the
309  ICP-MS nickel cones used in this study.

310

311  3.3. Comparison with different OID-ICP-MS approaches

312  To the best of our knowledge, the only authors reporting LOD values by OID-ICP-MS and
313  following the 3s criterion are Etxeandia and Raposo.”? The LOD values reported by the authors
314  were 0.01 pg L™! for Cd and Ni, 0.03 ug L~! for Pb and 0.17 ug L™! for Zn. Althought LOD values
315  are lower in comparison with those obtained in this work (with the exception of Cd), the LOD
316  values obtained for all the analytes were sufficient as the concentration of the elements of interest
317  in biota samples are normally well above these values. Multinebulizer is a promising solution
318  since it allows the efficient mixing between two liquids, even if they are inmiscible!'” (e.g.,
319  aqueous spike solution and organic sample), due to its high-pressure conditions, leading to a
320 primary aerosol of the blend. The use of multinebulizer presents a new step forward in the
321  applicability of OID-ICP-MS to the analysis of liquid samples. Particularly, the analysis of
322  organic matrix samples using aqueous multi-spike solutions and the development of possible
323  automation strategies for the whole analytical process are all possible ways for further improving
324  the method performance, which are currently under study in our laboratory.

325

326 4. Conclusions

327 In this study, it has been demonstrated that the new multinebulizer (MultiNeb®) is valid for on-
328 line isotope dilution analysis of trace elements in biota sample by ICP-MS. The implementation
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330

331

332
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334
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340

341

342

343

344
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346

347
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349
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352

353
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355
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of the multinebulizer for the on-line isotope dilution provides significant advantages: (&)O'Ithl% %E%‘?S
speed and pressure conditions of the multinebulizer allows an intensive mixing of the liquid flows
which promotes the establishment of isotopic equilibrium in on-line conditions; (ii) it significantly
reduces the total time of the analysis as the time-consuming individual spiking step of
conventional ID analysis is avoided, no external calibration graph is needed (making unnecessary
any recalibration and re-analysis procedures), and only the preparation of one standard solution
per sample is required (i.e., reference standard solution); (ii) it provides ease of operation, since
the system is simple (i.e., the use of valves and specific components is not required), robust, easy
to handle, the multinebulizer perfectly couples to commercial spray chambers (without any
additional modification), and multi-element isotope-enriched spike solutions are commercially
available; (iv) it provides high-quality measurement results with low uncertainty values (i.e.,
within 1-5 % relative expanded uncertainty for the evaluated elements) compared to conventional
quantification methods, based on external calibration approach and an excellent agreement with
IAEA-476 CRM certified values was obtained.

All these features result in a promising solution for the trace element analysis of real-world
samples which simplifies operation and significantly increases sample throughput and, thus,
enhances productivity, with associated economic benefits. It yields savings in total cost of the
analysis per sample, in spite of the relatively high cost of the enriched isotope standard.

The proposed multinebulizer-based OID-ICP-MS methodology fulfills some essential
requirements for being suitable as a routine method: minimal sample pretreatment, ease of use
and it is not affected by matrix effects, good time and cost efficiency, sufficient robustness and

accuracy.
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Table 1. Isotopic composition of the IES-WAK multielement standard and the reference standard.

Element Concentration Isotope  IES-WAK abundance Natural abundance
(nggh* (%) (%)~
Cd 21£3 111 96.09 £ 0.06 12.795 £0.012
114 0.90 £ 0.03 28.754 £ 0.081
Cu 309+ 13 63 0.97 £0.06 69.15£0.15
65 99.03 £ 0.06 30.85+0.15
Hg 19+1 199 91.15+£0.09 16.94 £ 0.12
202 1.90 £ 0.07 29.74£0.13
Ni 302+ 12 60 5.40 £ 0.02 26.2231 + 0.0150
61 89.98 + 0.04 1.1399 £ 0.0013
Pb 201 £8 207 94.94 £ 0.09 33.53+ 0.13¢
208 2.76 £ 0.07 49.69 £0.17¢
Zn 608 + 54 66 1.1£0.1 27.73 £0.98
67 97.2+0.2 4.04 £0.16

2Expanded uncertainty for each value was calculated as U = 2-u, where k = 2 is the coverage factor for a 95 %
confidence interval and u is the combined standard uncertainty.

b From IUPAC.18

¢ Determined experimentally by ICP-MS measurements.
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Table 2. ICP-MS operating conditions for the on-line isotope ratio determinations.

View Article Online
DOI: 10.1039/D0JA00262C

Parameter Value
Radiofrequency power (W) 1550

He collision gas flow (mL min™") 5

Kinetic energy discrimination (V) 3

Plasma gas flow rate (L min') 15
Auxiliary gas flow rate (L min') 0.90
Nebulizing gas flow rate (L min') 1.09
Number of replicates 3
Sweeps/replicate 100
Integration time (s) 0.3

Total liquid uptake rate (mL min-') 0.6
Channel 1 liquid uptake rate (mL min') 0.3
Channel 2 liquid uptake rate (mL min') 0.3
Nebulizer type MultiNeb®
Spray chamber Double pass Peltier-cooled

Spray chamber temperature (°C)
ICP torch

Measured isotopes

2

Quartz with 2.5 mm i.d. injector

60N, 6N, $3Cu, 65Cu, %Zn, 5'Zn, Zr,

95MO, IIICd, 114Cd, 11781’1, 199Hg, 202Hg’

204py, 206ph 207Phy and 208Pb,
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484  Table 3. Certified isotope ratios in the multielement spike solution (Ry,) and

485  natural isotope ratios in the reference standard (R,,).

Element Isotopea Isotopeb Ry? R.?
Cd 111 114 0.0094 + 0.0003 2.247 £ 0.007
Cu 63 65 1.03 £0.06 0.446 £ 0.002
Hg 202 199 48 +2 1.578 £ 0.008
Ni 60 61 16.66 + 0.06  0.04347 £ 0.00006
Pb 208 207 344+0.9 0.675 + 0.005°
Zn 66 67 88 +8 1.50 £ 0.08
486 2 [sotope abundances ratio was calculated as abundance isotope b/abundance isotope a.

487 b Determined experimentally by ICP-MS measurements
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Table 4. Obtained mass fractions (ug g*!) and expanded uncertainty (k = 2) DO 101039 bOs G2

using the OID-ICP-MS for the IAEA-476 CRM.

Element Obtained value* Certified value for IAEA-476* Recovery

(nggh (ng g")* (n=14) (%)
cd 0.0279 + 0.0005 0.028 + 0.003 100+ 11
Cu 2.41 £0.03 24403 101+ 13
Hg 0.56 £ 0.03 0.58 £ 0.02 97+6
Ni 4.19 £0.03 42+ 1.3 100 + 31
Pb 0.633 +0.005 0.64 +0.05 99+ 8§
Zn 55.8 +0.4 5443 103+6

2Mean value * expanded uncertainty with a coverage factor k = 2.
bn is the number of laboratories participating in the characterization of the IAEA-476 CRM.

¢ Information value.
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ICP-MS method for trace elements determination in fish samples.

Element LOD(ngg') LOQ(ngg')
Cd 0.006 0.0019
Cu 0.4 1.4

Hg 0.09 0.3

Ni 30 100

Pb 0.2 0.7

Zn 4 12

d
1
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Liquid _ ,
inlets : <«— Gas inlet Outlet
‘ orifice

Figure 1. Side view (left) and front view (right) of the multinebulizer prototype.!”
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Online
Reference standard measurement 262¢

Channel 1: IES-WAK spike solution Channel 2: Standard 700 ppb Cu, Ni, Pb, Zn; 4 ppb Cd, Hg

A 4

Channel 1: IES-WAK spike solution Channel 2: Procedural blank solutions

Quality control 1

Channel 1: IES-WAK spike solution Channel 2: QC1 20 ppb Cu, Ni, Pb, Zn; 2 ppb Cd, Hg

Sample analysis

Channel 1: IES-WAK spike solution Channel 2: IAEA-476 CRM 3 sample replicates

Quality control 2

Channel 1: IES-WAK spike solution Channel 2: QC2 10 ppb Cu, Ni, Pb, Zn; 2 ppb Hg, Cd

Figure 2. Analytical procedure for the on-line isotope dilution analysis using the multinebulizer with

two independent liquid inlets (Channels 1 and 2).
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