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Abstract

Recent reports of As concentrations in certain food and drinks has garnered public concern and led to a
lowering of the US guideline maximum concentration for inorganic As in apple juice and proposed limits
for As in rice products. In contrast Se is an essential micro-nutrient elementte-human-health-andthat
can be ||m|t|ng when Se-poor soils y|e|d Se-poor food crops Because of its-excellent detectionlimits;

evereeme—th#eugh—the—use—ef—eelhww#eaeﬂen—eeu—teehﬂelegy— However—rearRare earth element
(REE) doubly charged interferences on As and Se are-unaffected-by—cellision—cel-technologyand-their
effecton—aeeuraey—can be significant even when initial ICP-MS tuning minimizes doubly charged
formation-at<2%. We ilustrate-this-effectbyanalysisanalyzed e£NIST 1547 (peach leaves) and 1515
(apple leaves), which contain high levels of REEs, by quadrupole ICP-MS with (He) collision mode, H,
reaction mode or triple quadrupole ICP-MS (ICP-QQQ) in mass-shift mode (O, and O,/H,). Analysis of
NIST1547—and—1515-by gquadrupele—collision cell ICP-MS significantly over-estimated As and Se
concentration due to REE doubly charged formation; mathematical correction fer—deubly—charged
ahalytes—increased the accuracy of analysis but is prone to error when analyte concentration and
sensitivity is low and interferent is high. Hewever—forFor Se, H, reaction mode was effective in
suppressing Gd** leading to accurate determination of Se in both SRMs without the need for
mathematical correction. Friple-guad-ICP-QQQMS using mass-shift mode ef-for As” from m/z 75 to AsO*
at m/z 91 and Se' from m/z 78 to SeO" at m/z 94 alleviated any-doubly charged effects and resulted in
excelentrecovery-accurate determination of As and Se fer-in both MST-SRMs without the need for
correction equations. Zr and Mo isobars at 91 and 94 were shown to be effectively rejected by the
MS/MS capability of the ICP-QQQ.
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Introduction

As in fruit juices and in rice(1) and rice products(2) has generated much public and media interest and
there are current efforts aimed at establishing regulations or guidelines for acceptable levels of As in
these products, although this remains a contentious topic(3). In 2013 The US FDA proposed a new
action level for inorganic As in juice of 10 ug/L(4; 5). A recent WHO document, which records the
findings of the eighth meeting of the CODEX Committee on Contaminants in Food proposes a guideline

for inorganic As in rice of 0.2 mg/kg(6). The proposed guideline of 0.2 mg/kg for arsenic in rice equates

to a digestate concentration of 2 ug/L (assuming a 100X digestion dilution), consequently even small

errors in_precision and accuracy could result in a food product being classified as above the guideline

i o - Selenium is generally not present at elevated concentrations in most
foodstuffs, ifaet-on the contrary, Se is a micro-nutrient and some populations can be Se-deficient due
primarily to Se-poor soils. Hence accurate quantification of Se in food is necessary to assess nutrient

status.

additiens: In this paper we focus on doubly charged interference from the rare earth elements (REEs)
Nd, Sm and Gd, which cause ‘false positives’ at m/z 75 and 78 (7). The REEs have a relatively low 2
ionization potential ca. 11 — 12 eV and some doubly charged formation is inevitable in an Ar plasma.

Doubly—charged-formationThis is a particular problem for As and Se analysis-when the analytes are
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present at low concentration in the sample compared to the REEs and the effect is exacerbated by the
fact that both As and Se are relatively poorly ionized in the plasma, hence, the sensitivity or slope of
their calibration is low and false signals at either mass can equate to significant concentration errors.
Both Nd and Sm REE have isotopes at 150 amu, where Sm is 7.4% abundant and Nd is 5.6% abundant,
while Gd is 20.5% abundant at m/z 156 (Dy is also 0.06% abundant at this mass). Altheugh-thegreup

either-As-orSe—Because REEs are immobile in soils, certain soils can be relatively enriched in REEs and
consequently food crops grown on these soils may take up higher concentrations of these elements-{12;
13)(8; 9). Two NIST standard reference materials, NIST 1515 apple leaves and NIST 1547 peach leaves,
that are useful for quality control in food and plant analysis contain low pag k/g™ levels of As and Se in
the presence of pgmg/ kg™ levels of REEs. Quantification of As and Se in these two reference materials
is confounded by doubly charged interference of the REEs at m/z 75 and 78. in-theery-doublycharged

ntarfaranca ALQ nda ood D_N ning attemp o-minimize-tha orm oh-to—2%o

estimation-of-Asand-Secencentration- While some standard methods recommend monitoring masses
at 150 and correcting for doubly charged ions through the use of mathematical equations, it is
debatable how widespread this procedure is followed and in any event, correction equations are less
accurate than quantification at m/z that is free from any interference. We illustrate the doubly charged
effect by analysis of NIST apple leaves and peach leaves and test the effectiveness of interference
correction equations, KED (He only) and H, reaction cell ICP-MS and ‘mass shifting’ by use of O, and
0,/H, as a reaction gas using ICP-QQQ. We-used-the-The rew-‘triple-guad-—design{ICP-QQQ} which-uses
a quadrupole mass filter before (Q1) and after (Q3) the reaction cell.  The unit mass resolution of the
first quadrupole selectively allows for only a single m/z (eg. mass 78) to enter the collision reaction cell.
Thus, except for the analyte and those interferences at the selected mass, no other analyte or
polyatomic molecules enter the cell ersuring-allowing targeted and selected chemical reaction to take

place.

Materials and methods «- - {Formatted: Keep with next

All samples were acid digested using a MARS6 (CEM, Mathews, NC) closed vessel digestion at 200 °C
with a 20 minute ramp and 20 minute hold time. Triplicate samples of NIST (US National Institute of
Standards and Technology, Gaithersburg, MD) SRMs 1547 (peach leaves), 1515 (apple leaves) were
digested using 0.25g sample 2.5 mls 9:1 HNO;:HCl and diluted to a final digested weight of 25g. NIST
1547 and 1515 contain low pg kg concentrations of As and Se (Table 1) and high concentrations of REEs.

NIST 1547 certification gives reference (non-certified) values for Nd, Sm and Gd concentrations at 7, 1,

and 1 mg kg‘f and NIST 1515 has reference values for Nd, Sm and Gd concentrations at 17, 3, and 3 mg_
kg™, respectively. Samples were run at Dartmouth College by collision cell ICP-MS (Agilent 7700x) using
He as the collision gas at 4.5 ml/min and H, as reaction gas at 6 ml/min and at Agilent Technologies
(Wilmington, Delaware) by ICP-QQQ (8800) using O, -or 0,/H, as reaction gas at 3.5 ml/min with AsO"
detection at m/z 91 and SeO" detection at m/z 94 and 96. Fer—bBoth instrument set-ups used
manufacturer-recommended operating conditions and utilized a concentric nebulizer and Peltier cooled

double pass spray chamber, irternakinternal standard was added online. inte-the-sample-stream-via-the

- { Formatted: Superscript
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second-position—en—theperistaltic pump—The Dartmouth system is operated with 5% butanol in the
internal standard mixture to equalize the organic plasma load between samples and standards_and was
calibrated using both external calibration and standard additions; the standard additions data gave more
accurate data for both SRMs and is reported here. — Fhe-Bartmeouth-7700X-was-operated-with-a-CEFAC
express-system-to-inereasesample-threughput: Both instruments were calibrated using NIST- traceable

standards and used-traceable 2"-source calibration checks, —The measured values were considered not

significantly different than the certified values if their 95% confidence interval overlapped with the 95 %
confidence range reported on the NIST certificate.

Results and Discussion
Both kinetic energy discrimination (KED, collision cell technology) e+and reactive gases have been used
to reduce polyatomic interferences in ICP-MS but their effect, if any, on doubly charged formation is less

eve#apped—by—Ar—el«tmer— The effect of collision (He) and reaction (Hz) gases on polyatomlc interferents,
analyte signal and doubly charged formation at m/z 75 and 78 are shown in figure 1. Both He and H,
effectively reduce polyatomic interferences; however analyte intensity is also reduced as cell gas flow
rate is increased. Helium gas flow rate has no effect on reducing doubly charged interference from Sm
or Nd at m/z 75 (Figure 1A) or from Gd at m/z 78 (Figure 1C), in fact apparent doubly charged formation
increases as He gas flow increases, presumably because KED reduces the singly-charged ion intensity
relatively more than the doubly charged ion, which may be due to the difference is size between these
two differently charged ions. lgrering—deubly—charged—iens,—tThe optimum He flow for reducing
polyatomics and maintaining high signal to noise is 4.5 ml/min. Hydrogen is very effective as a reaction
gas in reducing Ar-based interferences, with optimal signal to noise ratio obtained at flow rates ca. 3- 4
ml/min (Figure 1D), however, doubly charged formation for Gd (Figure 1D) and Nd and Sm (Figure 1B)
remain high at this gas flow rate. Increasing the H, flow rate to 5.5 — 6 ml/min effectively removes Gd
doubly charged interference while still maintain good signal to noise ratio for Se. Similarly Nd and Sm
doubly charged formation is dramatically reduced at this higher flow rate to 0.03 and 0.01 %
respectively, at the expense, however, of severe reduction in As intensity and 5|gnal to noise ratio.

Using the method development criteria determined above, NIST SRMs 1515 and 1647 were determined
in both He and H, gas modes with KED. Helium—flow—rate—was—4-5—mtmin—and—H,—was—6-—mlmin;
integration-times-were1 second-forboth-Asand-Se—Doubly charged ion formation was 1.1%, 0.9% and
0.25% for Nd, Sm and Gd in He-mode and 0.06%, 0.036% and 0.006% for H, mode. The trend of
decreasing doubly charged formation with increasing REE atomic weight reflects the increase in 2™
ionization potential across the period. Hydrogen is clearly effective in reducing doubly charged
interferences in the cell. Approximate instrument detection limits derived from the calibration statistics
and used here for comparative purposes were 0.01 pg/L and 0.06 ug/L for As and Se respectively in KED
(He) mode and 0.022 pg/L and 0.03 pg/L in H, mode. The instrument sensitivity for each analyte in each
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mode, as indicated by the calibration slope, was 1.52 and 0.076 for As in He and H, mode respectively
and 0.15 and 0.25 for Se in He and H, mode respectively.

The results for As and Se determination of NIST 1515 and 1547 by collision cell ICP-MS are shown in

: Glea#y—aAccurate ana|y5|s
of As in either He or H, mode for either SRM material was not obtained if doubly charged ions were not
accounted for- i =

0.25 mg/kg for NIST 1515 is above the proposed 0.2 mg/kg gwdehne for inorganic As in rice, illustrating

that doubly charged interferences can cause large false positives that could potentially lead to
unnecessary further analysis for inorganic As content. Uncorrected As values in reaction mode are
rueh-less than for He mode but still overestimate the certified values by 1.9 and 3.3 times for NIST 1547

and 1515, respectively—Clearly-doubly-charged formation-at-m/z 75-is-suppressed-in-H,reaction-mode
butthe as residual doubly charged formation and low sensitivity for As at this H, flow rate stil-lead to

significant positive bias.

m%z—lé@—m—the—sampl&aﬁd—seb#aeﬁﬂﬁhs—#em%he—ee%—aﬂ% Mathemat

ical correction of doubly

charged species for As resulted in a value of 0.068 mg/kg for NIST 1547, —a-60%reduction—in—the
uncorrected-valueand-new-within the confidence interval of the certified value. Corrected values for

y : w-_also not significantly d|fferent
than the certified range. However, this was largely due to the hlgh TFhe-RSD of the measured eerrected
replicate values, forMNIST1515-was-42%which illustrates a problem of correction equations when the
signal is mostly interferent as opposed to analyte. SHmHaFly—eCorrected values for As in H,-reaction

mode a W S v y ey
measured—valueswere not significantly different that the certified values but were at the positive

extreme of each SRM confidence interval are-eutside-the-confidencerange-of-the-certified-material-with

recoveries of 132% and 124% for NIST 1547 and 1515, respectively.

w-Low Se sensitivity
in He mode and high Gd in both SRMs (3 mg/kg and 1 mg/kg for NIST 1515 and 1547 respectively) lead
causedte-very large over-estimates of the true Se values when uncorrected. Using correction equations
for NIST 1547 gives a value of 0.113 mg/kg which is within the certified confidence range. The corrected
value for Se in He mode in NIST 1515 is 0.013 mg/kg-significantly-below-the certifiedvalue and had an

unacceptably high CV (150%), -are-again demonstratesing the problems of correction equations when
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the signal is essentially 95% doubly charged interference. In H, reaction mode the high sensitivity for Se

and removal of doubly charged interferences at m/z 78 mean-that-guantitative-dataforboth-NIST-SRMs
are-obtairedresulted in accurate values for both SRMs that were not significantly difference than the

certified values. Detection limits for Se in H, mode are better than for He mode and doubly charged
formation is reduced to 0.006% such that accurate and precise Se data are obtained-with—+eceveriesof
99%and-98%-obtainedfor NIST-1547and-1515-respectively. This effect has also been reported in a

recent study where it was shown that H, can eliminate double charge interference for Se in the

presence of Gd in blood of patients receiving MRI Gd-based contrasting agents(10).

The pitfalls of mathematical corrections and the general poorer results for As in either He or H, modes
described above led us to investigate other reaction gases. Reaction gas ICP-MS methods(11) have been
used successfully for As and Se with gases such as NH; (14), CH, (7; 12-15)), and O, (13; 16) although
these studies mostly focused on polyatomic interference removal rather than doubly charged
interferences. Reaction with O, mass shifts As and Se analytes to m/z 91 and 94 (or 96) where
background is generally lower and the new m/z less prone to interferences, provided isobars from Zr
and Mo at the mass shifted m/z are filtered away from the reaction cell and polyatomic interferences at

the new m/z are not created in the cell. A e=th “risle-quaddesign-HCP-QOQ-which
apiadeiinala mace filiar haf (O and afiar (D) +h 43 11 Tho 1init mao rocalitinn ~f +ha £firct
- ™ AY T AR N
PTEY: P ] | $iv ol Hesare £ Iy, Tngl o fs | o 790\ 4+ niay +h icinn 43 11
1 Lad T T 7 At =N T N
Thyy + tha analat nd +h intarf + | todl pmn P +h analyd rnabaat

7 ™ T 7 T ™ T
ol uloc + +h L an ..ring ta = tod and ] tod ~h H | tion +o +ol pl-\ . \vl\vle ran both

NIST SRM digests by reaction cell ICP-QQQ using either O, or O,/H, as the reaction gas. The O,/H,
mixture was included because previous work has shown that the extent of the Se reaction with O, is
enhanced in the presence of H,. The H, gas reduces Ar-dimer interferences; which-as-isebarsof thetwe

e-isotopes-were-allowed-to-enterthecell-by-the first quadrupelefacilitating an increased reaction rate

between Se and O,. Table 2 gives the instrument response at each of the mass shifted analyte m/z for
the calibration blank and 50 and 100 pg/L solutions of Nd/Dy and Gd/Sm. The slope of the calibration
curve and the detection limit, estimated from the standard deviation of 3 independent blank
measurements during the run isare also shown in Table 2. There is no systematic increase in

background signal resulting from 50 or 100 ppb solutions of REEs at the mass shifted analyte masses in
either gas mode. In this mass shifted mode it is possible to measure Se 80 isotope which being the most
abundant isotope should give lower detection limits. However, Se 78 has slightly lower background
signals at the mass shifted m/z and gives slightly lower detection limits of 0.002 pg/l compared to 0.003
pg/l 2%Se0, however also note that these are 10 times lower than detection limits for Se by H,-reaction
mode by conventional reaction cell on a single quadrupole ICP-MS. For both ®Se and *%Se the
calibration slope increases two fold in 0,/H, mode compared to O, reaction mode indicating increased
SeO formation; and for ¥Se the background is also significantly lower. Clearly, for Se, there is advantage
in using the mixed gas rather than just O,. There is no effect of reaction gas on sensitivity or detection
limit for As so either approach is suitable and gives essentially the same results. Detection limits for As
are ca. 0.001 pg/l, 10 times lower than for collision cell ICP-MS.
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| The results for analysis of the NIST 1515 and 1547 using the ICP-QQQ approach are shown in Table 31.
For As in NIST 1515 and 1547 the measured values were 0.032 and 0.065 respectively, both well within
the respective certified confidence range for the SRM. Similarly, recoveries for Se are excellent, both
being within the certified range for NIST 1515 and 1547. Hence doubly charged interference from the
high REE levels of these two SRMs is eliminated through this O,/H, reaction mode approach. Zirconium
and Mo have isotopes at m/z 91 and 94 but should be rejected by the first quadrupole filter prior to
entering the cell. To test this, an aliquot of NIST 1547 was spiked at 1 mg/L Zr and Mo and the results
are also shown in Table 31. The measured values for As and Se are not different than the unspiked
samples proving that the MS/MS capability is effective at rejecting isobars of similar mass to the new
mass-shifted analyte.

Conclusions

3 S velylow ; Doubly charged formation is
best addressed by reaction cell based approaches as collision cell ICP-MS is not effective at removing
doubly charged species and correction equations are prone to error.  Either H, to remove the doubly
charged species or O,/H, to mass shift Se at m/z 94 are effective for Se analysis. For As, using O, to mass
shift to AsO at m/z 91 was the most effective approach. ICP-QQQ also had 10-fold lower detection limits
than the single quadrupole ICP-MS, which makes it particularly suited to low level determination of As
and Se in complex sample matrices. i

presence-of SmNd-and-Gd-inthesample-The extent and concentrations of REEs in food products is not

well studied but their occurrence in two NIST reference materials suggests REEs can be expected in
some foods dependmg on soil concentrations durmg crop production.-Arsenic—concentration—can—be

a minimum, m/z 150 and 156 should be monitored during any analysis to flag samples where doubly
charged formation could be problematic, but reaction cell approaches in general and ICP-QQQ
approaches in particular are most appropriate in making accurate low level analyses.
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Table 1: Analysis of As and Se (m/z 78) in NIST 1547 and 1515 in KED and reaction modes uncorrected
and corrected for doubly charged interference and by ICP-QQQ. All concentrations are in mg/kg, and are
averages of 3 replicate sample digests expressed as mean + 95% confidence interval. Means marked )
have 95% confidence intervals that overlap with the certified range.
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Table 2: ICP-MS response at_mass shifted m/z for As and Se in the presence of REEs and sensitivity and

Journal of Analytical Atomic Spectrometry

estimated detection limits for As and Se at these m/z by ICP-QQQ.

75->91 As 78->94 Se 80->96 Se

[0,] [0,/H,] [0,1 [0,/H,] [0,] [0,/H,]
Blank (cps) 6.00 36.00 0.00 2.00 27.33 6.00
50 ppb Nd/Dy (cps 22.67 43.33 0.67 0.00 25.33 7.33
100 ppb Nd/Dy_(cps) 8.00 19.33 0.00 0.00 22.67 2.67
50 ppb Gd/Sm_(cps) 17.33 44.00 2.00 3.33 20.00 6.67
100 ppb Gd/Sm (cps) 16.00 76.67 4.00 4.00 20.00 6.00
estimated detection
limit (ug I") 0.0010 0.0013 0.0090 0.0022 0.0135 0.0032
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Figure 1: Analyte, polyatomic and doubly charged instrument response at m/z 75 (A, B) and m/z 78 (C,D)
as a function of collision (A,C) or reaction (B.D) gas flow rate in a single quadrupole ICP-MS.
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