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Abstract

The present study is based on the use of a conventional quadrupole ICP-MS for determining directly
rare earth elements (REEs) in both fresh or slightly saline waters and digested sediments. The
development of a robust method using a collision reaction cell (different collision gases and fluxes
have been tested) and kinetic energy discrimination is proposed for the accurate quantification of
REEs without any mathematical corrections and preconcentration steps. The choice of He gas over H,
and its flow in the collision reaction cell as well as the isotopes studied are thoroughly discussed with
the aim of reducing drastically interferences. The exhaustive list of '. *erferences (argides, chlorides,
oxides, hydroxides, hydrides and doubly charged) have been .~ve-tigated for the first time at
different concentration levels, relevant with those found it er...;onmental matrices based on the
FORum of European Geological Surveys (FOREGS) datab. -e. " he interfering element concentrations
have been determined and summarized. Although t'ie mpact of barium interferences onto europium
and the impossibility to measure Sc have be~.. ou.~ted out, this method has been validated for all
the other REEs in aquatic environmental matricc - by studying the recoveries of spiked natural waters
(5 commercially available mineral watzr< “vith dry residues ranging from 22 to 2513 mg L™ and a
filtrated natural river water from !'arthern France) with relevant concentrations of REEs. Standard
reference materials (i.e. three w.~te.s (AQUA-1, SLRS-6 and SLEW-3) and four sediments (BCR-667,

HISS-1, Metranal-1 and PA .S-3,\ were also analysed to ensure the robustness of the method.

Keywords: Rare earth elements, ICP-QMS, collision reaction cell, certified water, certified sediment.



1. Introduction
Rare earth elements (REEs) comprise a group of 15 elements with atomic numbers ranging from 57

to 71 (La to Lu) called lanthanides. According to the International Union of Pure and Applied
Chemistry (IUPAC), scandium and yttrium are also included in this categorization because of their
similar chemical and physical properties (i.e. predominance of the trivalent oxidation state and
similar ionic radii) [1]. These elements have low solubility and mobility in the terrestrial crust and
their patterns of abundance allow the interpretation of natural geological and chemical processes
[2,3]. Concerning natural waters and sediments, REEs can be u.-d as tracers of water masses
circulation [4,5]. They can also constitute a valuable probe fc- in'estigating the scavenging of
particulate matter and sedimentation processes [6,7]. In ..du*in, REEs have become extremely
important for high technology applications and p:ces:es due to their uniqgue magnetic,
phosphorescent, and catalytic properties [8,9]. Mu: 20ver, REEs are considered as “Technology
Critical Elements” (TCEs) by several scientific arg ~nizations (e.g. Action TD1407 NOTICE from the

European COST network) [10].

The use of REEs has been accompanie 1 by .ne emission of increasing quantities of several of these
elements in the environment ara ‘heir concentrations can affect their overall shale normalized
geogenic patterns. This is particu'~rly the case of gadolinium for which large positive anomalies,
attributed to Gd-based co.'tras. agents used in magnetic resonance imaging (MRI), can be regularly
detected in rivers worldwi-a [11-13]. REEs can therefore constitute good tracers for anthropogenic

inputs but they are also considered as emerging pollutants [14,15].

The determination of REEs can be performed by several analytical techniques such as neutron
activation analysis, X-ray fluorescence spectrometry, ultraviolet-visible spectrometry,
electrochemistry, atomic absorption spectrometry, inductively-coupled plasma-optical emission
spectrometry (ICP-OES) and the various forms of inductively-coupled plasma-mass spectrometry
(ICP-MS, i.e. inductively-coupled plasma quadrupole mass spectrometer (ICP-QMS), sector field

inductively-coupled plasma mass spectrometer (SF-ICP-MS), time-of-flight inductively-coupled



plasma mass spectrometer (TOF-ICP-MS)) [16,18]. Among these techniques, ICP-MS has become one
of the most powerful technique for the determination of REEs due to its high sensitivity, selectivity,
wide linear range and multi-element capability. However, the accurate determination of rare earth
elements remains complex mainly due to their low concentrations in natural samples associated with
possible interferences. Indeed, one of the main challenges to be addressed during their analyses by
ICP-MS is to handle polyatomic interferences (e.g. oxides and hydroxides) which are mainly related to
the presence of Ba and light-REEs (LREEs) in the samples. Several approaches have been considered
to overcome such spectral interferences and to improve the detectio.” limits. Solid phase extraction
(SPE), and to a lesser extent liquid-liquid extraction (LLE) are ~ft.~ used as preconcentration and
matrix separation steps [19]. Co-precipitation with a metal “wdroxide (e.g. iron hydroxide) can also
be employed [20]. Nevertheless, these procedures are fte.a time consuming and may introduce
contamination or produce a partial loss of the anz yt2s Another disadvantage of these methods is
that they cannot deal with all spectral inter.er '\nces such as the presence of LREEs impacting the
determination of heavy-REEs (HREEs' througyn the residual presence of (hydr-)oxide LREEs
interferences. Mathematical approacl e~ 21-23], or even measurement of doubly charged ions
[24,25] have been envisaged to ro.vect oxide and hydroxide interferences during ICP-MS analysis.
However, mathematical correctic~s can lead to additional measurement uncertainties [26]. Other
analytical strategies rely on sample introduction (e.g. ultrasonic nebulization, electrothermal
vaporization, membrane resolvation, high matrix introduction and low flow micro-concentric
nebulization) to improve sensitivity and/or to decrease the presence of interferences [18,20,27]. The
majority of these specialized sample introduction systems do not always separate the analyte from
the matrix and interferences could be therefore enhanced. Moreover, membrane-desolvation
introduction systems do not tolerate high-salt matrix samples [27]. The use of high-resolution ICP-MS
allows overcoming most of polyatomic interferences (the resolving power (R) required for the
separation of the interfering oxide ions from lanthanides ranges typically from 7000 to 10,000) [28].

Nevertheless, the investment cost of such a device is a barrier for many laboratories and it can be



noticed that many authors still performed measurements of REEs at lower resolution in order to
achieve a better sensitivity. Considering conventional ICP-QMS, collision/reaction cell technology also
represents a good strategy to handle interferences in the determination of REEs. Dioxygen [29] and
carbon dioxide [30] have been used as reaction gases to convert REEs ions to their oxide thus
performing the determination at m/z +16. However, some elements (e.g. Eu, Gd, Yb and Lu) could
not be measured by this O-atom addition approach and had to be determined in standard mode with
mathematical corrections. In the same way, ammonia has been employed as reactive gas to
overcome polyatomic interferences on Nd, Gd, Yb and Lu [31]. Du an.' Houk [32] and more recently
Rousis and Thomaidis [33] investigated the use of He and H, a< cc!' ;ases and concluded that both

were efficient to reduce oxide and hydroxide interferences v.'th a preference for H,.

Herein, a simple and direct method for the determinatio o, REEs in aquatic environmental samples
(i.e. waters and digested sediments) is proposed w’' hcuat any mathematical corrections, using ICP-
QMS equipped with a standard introductio’ sys.em and a collision reaction cell. Different gases and
their fluxes, kinetic energy discriminatio. (KED) voltages and isotopes have been tested to remove
spectral interferences. For the first time, th.: exhaustive list of potential interferents has been studied
at different environmental conc<ntra™ion levels based on FORum of European Geological Surveys
(FOREGS) database. The meti.~d tas been validated by assessing the potential impact of remaining
interferents for the qua.tih,>=*on of REEs, the recoveries of low REEs levels in spiked natural water

matrices and the accuracy of measurements for several certified water and sediment references.

2. Material and methods

2.1 Reagents

All solutions were prepared using ultrapure water (Milli-Q gradient, Millipore, p = 18.2 MQ cm).
Mono-elemental standards used for interferences studies were purchased either from SCP Science
(Courtaboeuf, France) or from Courtage Analyses Services (Mont-Saint-Aignan, France). The stock

REEs multistandard solution used for calibration (100 mg L™ in 5% HNO;) was obtained from SCP
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Science. Nitric acid (67-69%, optima and trace metal grade) was purchased from Fisher Scientific
(llkirch, France). Trace metal grade hydrochloric acid (35-38%) and suprapure hydrofluoric acid (40%)
were acquired from Merck (Darmstadt, Germany). Certified reference materials were purchased
from the Canadian National Research Council (NRC-CNRC, Ottawa, Canada) for SLRS-6, AQUA-1,
SLEW-3, HISS-1 and PACS-3), from Courtage Analyses Services for Metranal-1, and from the European
Commission Joint Research Centre (JRC, Geel, Belgium) for BCR-667. All other chemicals used in this

study were ACS reagent or analytical grade.

2.2 Determination of interference equivalent concentratiui.> (1cC)
After determining the best parameters to quantify accurately REFs v V'_P-MS (in particular the choice

of isotopes), numerous interferences were thoroughly stuc.ed. ine study of chloride interferences
was performed by addition of HCl up to 34 mmol L™\ ~auisalent to 2 g L™ NaCl). For the other
interferences (hydrides, oxides, hydroxides, argides 7nd doubly charged), 2% (v/v) HNO; solutions
were spiked with interfering elements stand.iu so. 'tions. The concentrations of the interferents in
these solutions were chosen based on the "OREGS database [34,35] in order to reflect the
environmental matrices. Two levels of cci.~entration were also considered: the first concentrations
set corresponded to the median \ lues to cover a representative view of European environment,
while the second set was focused an the ninth decile in order to work on higher concentrations. It is
to be noted that in the ca e o the concentrations of interferents below 10 ng L the interferences

were not studied as they we re expected to be negligible.

As the FOREGS database contains concentrations of REEs both in water and sediment (see Table S1,
appendix), we decided to consider the highest values between concentrations in water and sediment
in a 1/100,000 ratio according to our analytical protocol for the analyses of REEs in sediments. For
gadolinium, other values have been selected in order to take into account specific anthropogenic
inputs: the lowest level corresponds to the ninth decile found in FOREGS database while the maximal
concentration (2 pg L") corresponds to a value that can be attained in wastewater treatment plant

effluent, as Gd is widely used in contrast agent for magnetic resonance imaging [11,36].



For each concentration, analyses were performed in triplicate to assess a standard deviation value.
The biased concentration induced by the interferent was determined by analysing solutions with a
known level of interferent. In order to avoid interferences between the elements studied (e.g. light-
REEs oxides on heavy-REEs), five different batches were performed: (i) Sc, Y; (ii) La, Ce, Pr, Nd, Sm;

(iii) Eu, Gd; (iv) Tb, Dy, Ho, Er, Tm; and finally (v) Yb, Lu.

2.3 Matrix effect on recovery of spiked solutions

A second set of experiments was performed with different French commercial mineral waters (Mont
Roucous®, Evian®, Volvic®, Saint Amand®, Hépar®) as matrices. Tt ese waters were selected in order
to cover a wide range of hardness and amount of dry residi'es ( anging from 22 mg L for Mont
Roucous® to 2513 mg L™ for Hépar® (see Table S2, appenria, Waters were acidified at 2% (v/v) using
ultrapure HNOs. In addition, a natural water sample frc.n the Marque River (France) was used as a
matrix. Some of its main features have been pre\iou..y described [37,38]. Briefly, the Marque River
flows in northern France close to the city o li'e. Its annual average flow is around 1 m?®s ™ at the
sampling site located at Villeneuve d’Ascq. The river Marque is 32 km long, its watercourse receives 7
main effluents of wastewater treat'. =n. plants (WWTP), corresponding to approximately 150,000
inhabitant equivalent. Its status .. baa according to the ranking of the Water Framework Directive
(WFD, 2000) due to an excess ~f nutrients, pesticides, industrial pollutants and a lack of oxygen.
Sampling was performea 20u meters upstream the Villeneuve d’Ascq wastewater treatment plant (N
50° 37’ 48.4”; E 3° 11’ 6.6”). The freshwater was collected in a 5 L high-density polyethylene (HDPE)
bottle previously cleaned with acid and rinsed with ultrapure water. Filtration of the whole collected
water was performed using polyethersulfone filter (0.45 um of porosity) and water was poured in
another 5 L precleaned HDPE bottle. Filters were changed as little as possible to limit potential
contamination. No blank control or study of the effect of the filtration on the concentrations of REEs
was performed as this step was mainly performed to remove particles that could clog the
introduction system of the ICP-MS. The filtrated sample was immediately acidified at 2% (v/v) using

ultrapure HNO; before analysis. All these waters were analysed in triplicate without and with spike of
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1 ng L™ (Eu, Ho, Lu, Tb, Tm), 5 ng L'* (Dy, Er, Gd, Pr, Sc, Sm, Yb), 25 ng L for Y and 50 ng L™ (La, Ce,
Nd). These concentrations were chosen based on SLRS-6 and FOREGS values REEs ratio.
Concentrations of some major elements which could interfere with REEs (Ba, Ca, Si, Sr) were also

determined.

2.4 Protocols for water reference materials analyses

In order to validate our method for the quantification of REEs in water, 3 reference materials
certified by NRC-CNRC have been used: SLRS-6, AQUA-1 (freshwate 's) and SLEW-3 (estuarine water,
salinity = 15 Practical Salinity Unit (PSU)). Replicates for each w:.ter Wave been analysed to obtain
consistent data. For assessing the repeatability of measu emeats these replicates have been
analysed over two days. Concerning SLEW-3, sampic. were diluted 5-fold prior ICP-QMS

measurements to avoid the clogging of the cones by the .aline matrix.

2.5 Protocol for sediment reference me*aria's analyses
Four reference materials have been used .~ v.lidate the analytical method in sediment matrices:

BCR-667 (estuarine sediment reference material from European Commission - Joint Research
Centre), Metranal-1 (river sediment r~rtiied by the METROCHEM group), as well as PACS-3 and HISS-
1 (marine sediments certified L NkC-CNRC). Total mineralization was performed with 0.2 g of
sediment using a mixture of high rurity nitric and hydrofluoric acids followed by an aqua regia attack
according to the protou~! o Boughriet et al. [39]. Prior quantification of REEs, digestates were
filtered (0.45 um, cellulose acetate) then diluted 1000-fold using 2% (v/v) HNO; to obtain a
concentration of REEs in the ng L™ range. Blank samples (n = 6) were systematically performed
following the same digestion and filtration procedures. Blank concentrations of REEs obtained were
negligible and did not impact the concentrations found in sediments. Concentrations of REEs in the
residue were not studied as the latter was not taking into account for REEs quantification in the

certified materials.



2.6 Elemental analyses
Major elements (i.e. interfering elements Ba, Ca, Si and Sr) were quantified using an inductively

coupled plasma optical emission spectrometer (ICP-OES 5110 VDV, Agilent Technologies) calibrated
using standard solutions. The concentrations of REEs were determined using an inductively coupled
plasma single quadrupole mass spectrometer (ICP-MS 7900, Agilent Technologies) equipped with a
standard introduction system [borosilicate MicroMist concentric nebulizer (0.4 mL min™), quartz
double pass spray chamber cooled at 2°C, quartz torch (2.5 mm ID) and nickel cones]. X-lenses were
selected as ion optic configuration. High purity He and H, (> 99.999¢ \) were used as collision/reaction
gases in the octopole reaction system (ORS) to study polyatomic inte ferences suppression. Kinetic
energy discrimination (KED) was also applied. Six different m. des were used during this study. lon
lens parameters were optimized daily. Main parameters >f . = device and percentage of oxides and
doubly charged formation are summarized in Table * "o correct possible additional matrix effects
and signal drift, *Ge (for Sc and Y), *In (for Y & 1 La - Eu), *®*Re (for La - Lu) and *°*TI (for Gd - Lu)
were used as internal standards (ISTDs) witr, .nline addition of 50 pg L™ stock solution in 2% (v/v)
HNO;. Concentrations of ISTDs, after dil:**ioi. in the samples, were around 3.4 pg L. ISTDs fitting the
best with SLRS-6 reference mate 1a. cuncentrations were used and chosen according to the

experiment.

Table 1 ICP-MS and collision ( ell cc nditions

Shaded modes indicate the mo fes tested during the study but not selected for the final method.

ICP-QMS conditions

RF Power: 1550 W

RF Matching: 1.80V
Plasma Ar gas flow rate: 15 L min™
Auxiliary Ar gas flow rate: 0.8-1L min™
Nebulizer gas flow rate: 1.05 L min™
Lens voltage: Optimized daily
Sample depth: 9 mm
Sample intake flow rate: 0.4mLmin™
Spray chamber temperature: 2°C

Point per mass: 1
Integration time: 2s

Dwell time: 8 ms
Sweeps: 250
Replicate: 3



139 140 141 146 147 149 151 159 163 165 166 167

Monitored isotopes: 45Sc, 89Y, La,” Ce, "Pr, °Nd, "'Sm, Sm, "Eu, 157Gd, Tb, "Dy, ~"Ho, ~Er, " 'Er,
169 172 175
Tm, "“Yb, "Lu
Collision reaction cell conditions
No gas He H,
0 mL min™ 4.5 mLmin™ 5 mL min™ 5 mLmin™ 10 mL min™ 6 mLmin™
KED 5V KED5V KED 5V KED7V KED 7 V KED 5V

Oct bias -8 V Oct bias -18 V Oct bias -18 V Oct bias-18V  Oct bias -100 V Oct bias -18 V

Oxide formation rate CeO"/Ce" (%)

14-2.4 0.4-0.5 0.25-0.35 0.1-0.2 0.5-0.7 1.0-2.0

Doubly charged ion formation rate Ce”/C =" (%)

1.5-2.6 2.0-2.8 2.1-2.9 2.2-3.0 2.5-2.9 0.4-0.7

3. Results and discussions

3.1 Development of the method

3.1.1 Determination of the collision/reaction c~l, - as
The preliminary step of this study was to selec* +he most suitable gas to handle spectral interferences

during the analysis of REEs. In the light of the information found in the literature [32,33] and the
results obtained, helium appeared to e the most promising gas for suppressing interferences in
water and sediment matrices. For the 24 isotopes initially tested, the use of He always allowed
reduction of the interference in ~an.>arison with the no gas mode. By contrast, the use of H, showed
limitations. Indeed, for 18 iso. “pes out of the 24 tested, H, induced stronger interferences than the
no gas mode. This can be e, plained by the fact that some elements are directly interfered by MH" or
MOH" ionic species (e.g. *°Sc, *°La, *’Sm, °Lu versus *‘CaH’, **BaH’, *°Ba'®OH" and **Gd"°OH"
respectively). The impact of REEs-hydride interferences on the determination of targeted REEs was
not significant in our case due to the low concentration of REEs employed [33,40]. It should be
however noted that the use of H, significantly reduced the amount of doubly charged *zr**
interference onto *Sc. Removal of doubly charged species by H, has already been observed for other

elements [41,42]. Such removal may be explained either by *°ZrH* formation [41,43] (although it

should be limited [44]) or charge exchange [41]. By contrast, all tested He modes were found to
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increase this interference confirming the inefficiency of He for limiting the formation of doubly

charged ions [42,45]. However, this type of interference only concerned Sc.

3.1.2 Selection of the isotopes
Only isotopes of REEs with no isobaric interference were considered for this study. Considering the

elements with several isotopes free of isobaric interferences, the selection was further processed by
studying the impact of other spectral interferences and/or by selecting the most abundant. For

151

example, based on the first criterion, the choice to keep *'Eu and **’Gd was made because of the

strong interference of barium oxide or hydroxide on *Eu and *°Gd. “hese choices are in agreement

158
h

with some studies for Eu but not for Gd for whic Gd is sometii.~es preferred [46,47]. Considering

147 14
h d

samarium, bot Sm an Sm were conserved due to th2ir ...nilar abundance and the fact that
BaOH interferences impacting these isotopes were easii, har dled using He. The list of the selected

isotopes is presented in Table 1.

3.1.3 Choice of the He mode
In order to limit the duration of the analysis, ~nly two modes of He were chosen. A first one was

selected for elements that were almos* 1.t 1.iterfered (i.e. *°Y, **°La, *°Ce, **'Pr, **°Nd, **'sSm, '*°S

m,
®Ho and **Tm). The “classical” He co. ditions proposed by the software were slightly modified as
follows: He set at 4.5 mL min™ ~nu ¥ED at 5 V. For the other elements (i.e. sc, ey, ®’Gd, *°Tb,
163Dy, 166gr 187Er 12vh 3na 173Lu), He flow rate was first increased at 5 mL min™® with a KED
maintained at 5 V or increased to 7 V. However, these modes were still not robust enough for
removing polyatomic interferences such as gadolinium oxides and hydroxides on ytterbium isotopes.
Further tests were also performed by increasing He flow rate up to 6 mL min™ while maintaining the
KED at 7 V. These latter conditions resulted in a drastic increase of the limits of detection (LOD), not
compatible with the aim of our study. The mode using He at 5 mL min™ and KED set at 7 V was finally
chosen as the best compromise between reduction of IEC and sensitivity. Detection limits obtained

varied from 4 pg L™ (Tm) to 123 pg L™ (Nd) (see Table S3 in appendix for more details on the method

performances).
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High energy He (HE-He) mode proposed by the software with He set at 10 mL min™, KED = 7 V and its
specific ion path (Oct bias = -100 V) was also tested. However, this mode was less effective than the

mode at 5 mL min™ of He and KED = 7 V for the removal of the interferences studied.

172yp, for the different modes tested as a function

As an example, Fig. 1 shows the evolution of IEC on
of the gadolinium concentration (generating *°Gd**0* and *°>Gd*®OH" interferences). It is interesting

to notice that this evolution is linear whatever the gas used.

40
= 2 R?=0.9998
R? = 0.9996
30
25
4 R?=0.9998
220
O
e,
15
2
10 R? = 0.9999
R? = 0.9999
> R?=0.9971
R? = 0.9985
0
0 1 2 3 4 5 6

Concentration of gadolinium (pg L)

cece@eee N0 535/0/5 ==@==H2/6/5 He/4.5/5 He/5/5
—e> He/5/7 —e— He/6/7 —a— HE-He

155 17

Fig. 1. Evolution of IEC induced by 6Gd"®0" or ™°Gd™0OH"* on '"*Yb according to the concentration of

gadolinium. Legends should be read as follows: Gas used/flux (mL min™)/KED (V). Curves ending with an arrow

represent the selected modes.

Considering MH" interferences, the two selected modes allowed a reduction ranging from 57%
(®8SrH" on *Y using He at 4.5 mL min™ and KED = 5 V) to 80% (**CaH" on “*Sc using He at 5 mL min™

and KED = 7 V) by comparison with the no gas mode. MAr" and MCI" interferences were completely
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handled whatever the mode employed. For MO" and MOH®, percentages of removal varied from 80%
for the lowest He mode (**°Ba™OH" on **’Sm) to 99.5% (*Si*°0* and ®Si*®*0OH" on **Sc) for the highest
He mode. Finally, **®Gd*®*OH* was the most problematic interference with only 55% of removal on
175

Lu using He 5 mL min™ and KED = 7V mode. The removal of some interferences according different

modes tested is shown in Fig. 2.

100 ———
75 I o =B

X 50 5 aQ
g = & = 1 e
§ 0 _ . _ ol = (] I R
g 25 E Sron E Ba on Gc o Gd on
9 = m/z89 [ = m/z151 my 172 m/z 175
£ 50 — - —
G = =
© -75 ? —
3 -100 =
€ o =
£ -125 I =

-150 =

=
-175
=H2/6/5 He/4.5,~ He/5/5 MWHe/5/7 [FHE-He

Fig. 2. Examples of the removal or enhanczarien. (%) of some major interferent elements on selected masses
according to the nature of the gas anAd ..~ flux used in comparison with no gas mode. The mode framed in black
for each interferent correspond to “he selected mode. H, mode is not represented for Gd on m/z 175 for
graphical scale reason (enha icen.>nt above 1000%). Positive values correspond to reductions of interferences
while negative values repres >nt enhancements. Error bars correspond to the standard deviation of the

replicates (n=3).

3.2 IEC values for selected He modes and their impacts on the REEs quantifications

Scandium could not be quantified accurately by the present approach in water samples by ICP-QMS
device, even by using the highest He selected mode, because Ca and Si are two major elements that
strongly interfere on **Sc in particular through the formation of *‘CaH*, Si'®OH" and 2°Si**0*. With
the median concentrations of Ca and Si provided by FOREGS, interferences account respectively for

around 2 ng L™ and for 6.7 ng L™ of Sc, while concentrations of scandium in water are not expected to

overpass few dozen of ng L™ [48,49]. For sediment, Sc values should be higher and therefore more
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easily quantifiable. However, Si and Ca are once again major elements in sediment matrices,
although Si should be eliminated during the mineralization step using hydrofluoric acid. In addition,

zirconium (yielding doubly charged *zr**

interference) can be present in sediment at concentrations
up to 1 g kg™. Accordingly, Sc was not analysed anymore in this study. However, ICP-OES or ICP-MS

using O, as reactive gas [50] can be used as alternative methods to specifically quantify Sc.

With the aim to assess the robustness of the present method for the determination of other REEs in
water or sediment, the maximal percentage of overestimation induced by the highest interference
(ninth decile of interference) on median concentrations of REEs in 7, ><hv. ater was determined. Since
Tm and Lu values were not indicated in the FOREGS database (me lian concentration < 2 ng L), the
ratios obtained from SLRS-6 and BCR-667 were used. Both ~0..~entrations were set at 0.8 ng L™ (see
Table 2). Limiting concentration ratios were also determ'ne.' These ratios (i.e. the concentration of
interferents by the concentration of rare earths) :o0. e<ond to the value for which overestimations

induced by the interferent reach 10%. Abov - thi, value, the method can be considered as inaccurate.

Table 2 Overestimations induced by maximal i."=rferences in water and sediment onto the quantification of

median concentration of REEs based on ""RL "7 database and limiting ratios for the method.

|E L-l R L e
Isotopes of  concentration (ng L™ rf & decile median values induced C.
interest targeted I EE ir. . by IEC (%) ZInterferent
\ concentration in . Creg
watei/sclinicat . Water/Sediment
water/sediment
By 64/27" 1.42/0.009 (Sr) 2.3/0.004 3.2*10*
Pa 34/325 0.31/0.03 (Ba) 0.9/0.008 2.3*10"
0ce 55/666 0.10/0.12 (La) 0.2/0.02 4.6%10
%pp 9/73.5 <0.02/<0.02 <0.3/<0.03 n/a
“*Ng 40/282 <0.14/<0.14 <0.4/<0.05 n/a
%Sm 9/54 0.11/0.009 (Ba) 1.2/0.02 6.6*10"
*5m 9/54 0.08/0.007 (Ba) 0.9/0.02 9.1*10"
Bley 5/10.1 0.35/0.03 (Ba) 7.0/0.3 2.0*10"
157 0.58/0.8 (Ce) 5.8/1.7 1.5%10°
Gd 10/50.6
/ 0.47/0.5 (Pr) 4.7/1.1 2.5%10"
o1p 2/7.9 <0.07/<0.07 <3.5/<0.9 n/a
py 8/45.3 <0.2/<0.2 <2.5/<0.5 n/a
®ho 2/9.2 <0.02/<0.02 <1.0/<0.3 n/a
166g 6/26.7 <0.11/<0.10 <1.9/<0.5 n/a
167gp 6/26.7 <0.10/<0.10 <1.7/<0.4 n/a
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Tm 0.8/4 <0.02/<0.02 <2.5/<0.5 n/a

2yp 6/25.8 0.11/0.10 (Gd) 1.9/<0.4 1.2*10°

Ly 0.8/3.9 <0.06/<0.06 <7.5/<1.6 1.3*10°

Elements responsible for the interferences are indicated in parenthesis. Sediment values of median
concentrations of REEs and IEC induced have been divided by 100,000 as explained in section 2.2. n/a: not
applicable

As described in Table 2, the method developed during this study offers a good accuracy of the
measurement by limiting interferences to less than 5% for all REEs with the exception of **’Gd and
“Eu in water, with respective potential overestimations of 5.8% and 7.2%. However, the
overestimations of Gd are unlikely to happen. Indeed, Ce and Pr are the main interferents of Gd. Yet,
REEs are known to have similar chemical properties [3,9] ar. so they are expected to be
encountered approximatively at the same ratio of natural co'icei trations. Considering Eu, the bias
observed has been reported for a long time [46,47] and ca be attributed to barium oxide and
hydroxide interferences. Thus, to keep a recovery of Eu 'ow.r than 110%, it should be checked that
the Ba/Eu concentration ratio does not exceed 2.n* 1*. /o give an exhaustive overview on IEC found
for each isotope, a detailed table is displa: ed i1 the supporting information section (see Table S4,

appendix).

More generally in rivers strongly imua~teu by urban discharges and/or which mineral composition is
important, some elements mav b. at the origin of several REEs overestimations. In the case of the
Marque River, high quantiti_- 01 5r (~ 1.2 mg L) and Ba (~ 35 pg L™) bound to the predominance of
limestone in the aquifer as.aciated to the presence of Gd (up to 1,500 ng L") originating from treated
wastewater effluents are observed. Thus, Y, La, Lu, Eu and Yb concentrations may be slightly
overestimated. Limiting ratios summarized in Table 2 help to determine if the method is still accurate
in such case. For instance, by calculating these ratios using data from Table S5 and S6 (appendix), we

find that Y and Eu are significantly impacted by interferences in the Marque River water sample

collected for this study (% = 3.9*10" and gﬂ = 4.4*¥10" while limiting ratios for quantifying
Y Eu

accurately Y and Eu are settled respectively at 3.2*¥10* and 2.0*10"). The interferences on La, Lu and

Yb are negligible.
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3.3 Validation of the method

3.3.1 Effect of the matrix
One natural freshwater sample from the Marque River and five mineral waters with different

characteristics (i.e. hardness, amount of dissolved salts and levels of interferents such as Sr and Ba)
were used to study the matrix effects on our method. Acidified water aliquots were spiked in
triplicate with known amounts of REEs close to the median concentration in European freshwaters
(FOREGS values). Decrease of ISTDs signals has been observed particularly for Saint Amand® and
Hépar® waters, showing an influence of the matrix onto the ionizatic .* efficiency of the plasma. Thus,
recoveries calculated could validate the use of the selected ISTDs. The spike recoveries obtained are
displayed in Table 3 (values for the different waters without au.*.ion of REEs and concentrations of
interfering major elements can be found in supporting ir.. .rm. .tion Tables S5 and S6, appendix). REEs

concentrations in the non-spiked samples are given is adicative values.

Table 3 Recoveries obtained for spiked commerci 4l o1 natural waters (n = 3)

E.Iements_l Mont Roucous®  Volv,-® Evian®  Saint Amand® Hépar® Ma.rque
Spike (ng L™) River
Y (25) 101+£8 113+2  101+6 111+9 103+4 109+3
La (50) 94 +4 254 97 +2 991 98 +6 98+3
Ce (50) 97 4 96 +3 100 +2 1011 985 1015
Pr (5) 89+ 972 98+4 106 +2 963 104 +4
Nd (50) 89_8 94+3 94+3 95+1 92+4 94+2
Sm (5) ‘4210 97+4 96+8 101+2 8910 102 +4
Eu (1) &N+ 73 101+10 10917 93+21 120+28 89+14
Gd (5) 17+£8 117+3  124+9 109+13 114+16 86+9
Tb (1) 209 +4 109+2 107+8 104 +3 98+6 86+9
Dy (5) 91+21 111+3 9+7 94+2 1019 87+6
Ho (1) 106+ 4 1125 104:4 1035 89+10 93zx11
Er (5) 104+7 110+7 106+8 99+5 96+3 95+ 10
Tm (1) 105 +5 112+2 105+8 102 £3 89+3 104+7
Yb (5) 109 + 12 105x4 997 99 £3 101+18 8416
Lu (1) 102 +17 93+7 100+ 8 1014 9+1 120+ 16

Uncertainties correspond to the standard deviation of the replicates.
The method was found to be consistent to quantify REEs at such levels of concentration with
recoveries ranging from 84% (for Yb) to 124% (for Gd). Most of recoveries obtained ranged from 90%

to 110%. Marque River was the water matrix for which recoveries are most variable maybe due to its
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complexity and the potential presence of colloids [51]. Moreover, most of relative standard
deviations were under 10% which is tolerable. Elements with the highest standard deviations (i.e. Eu,
Gd, Yb and Lu) were generally those found at the lowest concentrations and analysed using strong
helium mode. The use of this mode resulted in a loss of sensitivity explaining higher variability, which
explains the largest variation observed. From this experiment, the choice of the ISTDs used has been

validated as recoveries obtained were satisfactory.

3.3.2 Comparison with certified materials (waters and sediments)
The results obtained for the certified reference waters are summariz . in Table 4. Concerning AQUA-

1 (potable water), preliminary values have been presented at 1.2 ~.019 Goldschmidt Conference
(Barcelona, Spain) [52] and the results found here were coi...ent with those provided by the
laboratory intercomparison (including our laboratory). C 'r oxn values are not displayed here as a
publication about AQUA-1 compilation measureme at¢ is not available yet. The recoveries obtained
ranged from 95% to 105% excepting for Eu wi*.. 1 rc ~overy of 83%. However, as explained previously,
Ba interferences could skew europium concen.ation and some laboratories may overestimate the
Eu level.

Table 4 Comparison of the values four-'in t..is study with the values from the literature for SLRS-6 and SLEW-3

certified waters

5850 (freshwater) SLEW-3 (estuarine water)

‘2 =0, values in ng L) (n = 10, values in ng L)

Elements  This ;dy Literature values [53]  This study Literature values [54-58]

Y 122 3 128+6 37.8+2.0 39.8+1.7
La 250+5 248.3+12.1 8.31+0.38 8.07+0.36
Ce 300+5 292.7+15.1 7.17 £0.55 7.10 £0.35
Pr 58.6+1.2 59.1+1.8 1.48+0.12 1.64 +0.08
Nd 233+4 227.8+4.1 7.66 £ 0.64 8.22+0.28
Sm 39.1+0.8 39.5+1.5 7.44 +£0.51 7.37+0.31
Eu 7.31+0.32 7.26 £0.35 0.74 £ 0.07 0.55 + 0.05
Gd 31.8+0.7 31.6+2.5 3.27 £0.53 3.13+0.05
Th 3.87 £0.15 4.07 £0.27 0.51£0.08 0.46 £ 0.03
Dy 21.2+0.8 21.9+1.1 3.44+0.33 3.44 +0.13
Ho 4.25+0.10 43+0.3 0.93 +£0.07 0.91+£0.02
Er 12.3+0.6 12.4+0.7 3.07 £0.41 2.72+0.14
Tm 1.77+0.11 1.79+0.18 0.42 +£0.04 0.35+0.04
Yb 11.1+0.3 11.2+0.7 1.82£0.40 1.96+0.11
Lu 1.81+0.15 1.91+0.23 <0.90 0.31+0.02
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Literature values correspond to the estimated mean of the references * estimated standard deviation if there

[48]

are more than one published concentration. Note that Yeghicheyan et al.”™ values correspond to mean %

expanded uncertainties (U,;). Study values correspond to the mean #* standard deviation.

Results obtained for SLRS-6 were in adequacy with those published by Yeghicheyan et al. [53] based
on a nine-laboratory intercalibration. To determine the coherence of our results compared to those
published in the literature, E, number (ISO 13528) [59] were calculated using Equation 1 as described

by Yeghicheyan et al. (2013) [60].

E, = i S (Egn 1)

2 2
1’ULab+ULit

In this equation ¥ is the mean of our study, p represents the m»an « f found in the literature, U, and
U, correspond to the expanded uncertainties of our sti.ay nd the intercomparison study. Critical
value was set at 1 because expanded uncertainties were usea ior the calculation. If E, < 1, the values
found are coherent with those previously report~1. Siiapiro-Wilk normality tests were performed on
our data choosing p-value of 0.01. For SLR. 5 all the elements followed a normal distribution and

thus expanded uncertainties could be calcui ted as follows using Equation 2:
ULab = Kk * 014p (Eqn 2)

with k corresponding to a lev=l ot .onfidence of 95% for values following a normal distribution (here
k = 2) and o, represe~tit.¥ th » standard deviation. All the E, values ranged from 0.06 (Er) to 0.52
(Tb) showing compatibil*, of the obtained results with those of the intercomparison study.

Moreover, measurements were repeatable with standard deviation below 10% for all the elements.

Concerning the estuarine water SLEW-3, concentrations that can be found in literature are generally
given after preconcentration steps and removal of the matrix [54-58,61]. Here, the data reported are
given without any other modification of the sample than a 5-fold dilution for limiting total dissolved
solid content. Overall, values obtained were in adequacy with those found in literature with less than
10% of difference excepting for Eu and Lu which was below the detection limit. Y was analysed using

both low and high He modes since we suspected high potential interference of Sr. Y concentration
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fell from 45 ng L™ using the low mode to 38 ng L™ using the high mode that could come from a
residual ®SrH" interference with the low mode in such matrix. The concentration of Eu was slightly
higher than expected. Ba interference may not explain the whole difference as interferences in
SLEW-3 are expected to be around 0.1 ng L™ versus 0.2 ng L'* of overestimation (See Table 3 and
Table S5 and S6 in appendix). Moreover, chloride interferences have been studied and are not
expected to occur. This overestimation is yet not clear but is certainly related to matrix effect such as
non-spectral interferences in saline matrix as explained by Rodushkin et al. [62]. Specific ICP setting
configuration, matrix-matched calibration or the use of another IS . (e.g. Lu) could be studied to
resolve this inaccuracy. No statistical analysis was performed or t1.> SLEW-3 water for the following
reason: the average values displayed in Table 4 were founa In articles where the number of

replicates and the statistical distribution modes were not >~ ~ame.

In conclusion for SLEW-3 water, analyses carried o. © d.d not allow to fully validate our method in
saline matrices due to: (/) high steidard deviations for Gd and Yb; (i) limits of
detection/quantification too high for Lu a.>d (iii) overestimation of Eu. However, results remain quite
robust for a direct analysis strategy of Y L:.,, Ce, Pr, Nd, Sm, Tb, Dy, Ho, Er, Tm in such saline matrix

using classical introduction syster anu plasma configuration.

Concerning sediment matriz2<. , _sults obtained for the four reference materials are summarized in

Table 5.

Table 5 Comparison of our values with the certified ones for the BCR-667, Metranal-1 and HISS-1 sediments

and proposed indicative values for PACS-3 certified sediment.

PACS-3
BCR-667 Metranal-1 HISS-1

(n=2,

(n =5, values in mg kg™) (n = 3, values in mg kg™) (n = 3, values in mg kg™) values in

mg kg”’)

Certified This Literature Literature

This study This study This stud
values study values [63] values [64-66] 18 study
Y 19.1+1.3 16.7-25.3 22.1+0.5 17.5+0.8 3.07 £0.15 3.00£0.01 142 +0.2
La 25.3+2.0 27.8+1.0 325+1.1 36.3+1.1 4.14+0.36 3.6+0.6 14.9+0.4
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Ce 53335 567t25 659t23 716+3.6  870£0.70 8.9+0.5 3314023

Pr 6124029 61405 742+026 7.69+0.24  0.94+0.06 079+0.01  398+005
Nd 235+14 250+14 285+11 320£09  3.59+0.23 3.6+0.6 16.340.1
Sm  4.68+0.18 4.66+020 536023 561+020  0.63+0.02 070£0.02  3.44+0.04

Eu 096+006 100£0.05 105%0.03 1.16+0.1  0.14+0.02  0.195%0.008 (90+0.01
Gd 4254021 4414012 461+020 472+022  0.54+0.05 054+0.04 3144003
Tb  0.65+0.05 0.68+0.02 0.67+0.02 0.75+0.05 0.082+0.005  0.11+0.03  (48+0.02

Dy 3.91+021 4.01+0.14 3.93%0.17 3.66+0.18  0.51+0.03 051011  296+0.02
Ho 0.78+0.03 0.80:0.06 0.79t0.03 0.68+0.03  0.10£0.01 0124001  060+0.01
Er  225+0.10 235%0.15 2.18%0.04 192+0.13  0.32+0.03 032+0.05  168+0.04

Tm 032+0.01 033+0.03 032+0.02 030£0.03 0044+0.'3  006+0.02 (24+001
Yo 2074010 220+0.09 2.01+0.06 1.78+0.11  0.34+J.05 042+0.08  154+0.04
lu 031+0.02 033+0.02 030+0.02 027+0.03 0.045.7%004 0.051+0.002 (22+001

Literature values correspond to the estimated mean of the refere:.ces _ estimated standard deviation if there

are more than one published concentration. Study values corres yon.' to the mean * standard deviation.

The European reference for the analysis of REEs (BCR-C67) |50,67,68] was firstly used for checking
the accuracy of our method. Contrary to SLRS-~ coinparisons with existing values were assessed
using recovery calculations. Indeed, due to t1.~ ‘ow number of replicates (n = 5), parametric test such
as Student’s T-test could not be used. Valu. < obtained were in conformity with the certified values
with recoveries ranging from 91% ('.a, to L00% (Pr, Sm). The other sediments (Metranal-1 [63] and
HISS-1 [64-66]) were secondly anclvsed and compared to values found in literature. Note that for
HISS-1 all the elements wer~ no. Ltudied in some publications [64,66] and that some differences can
be observed for the conc.trations obtained (explaining some high standard deviations among the
LREEs concentrations). Overall, concentrations found were in good agreement with the compiled
value except for Pr which concentration has been determined by only one research group [65].
Finally, values for PACS-3 have, to the best of our knowledge, not been published yet. However,
values for PACS-1 [69] and PACS-2 [65,70-72] are really close to each other’s and to our values
determined for PACS-3. Therefore, even if the number of replicates was not statistically robust,
values obtained in this study can be proposed as indicative REEs concentration in PACS-3 due to the

good recoveries obtained for the concentrations of REEs in other sediments analysed. Overall, this
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set of results clearly validate our method for the determination of all the REEs in digested

sedimentary samples.

Conclusion

This study proposes a direct method using classical ICP-QMS with standard introduction system for
quantifying REEs in freshwaters, estuarine waters and digested sediments. The method takes into
account and corrects accurately natural concentrations of the most common interferences (argides,
chlorides, hydrides, hydroxides, oxides and doubly charged) and cz 1 be transposed to many control
and research laboratories working on environmental samples. H 'liun gas was proved to be better
than H, for the removal of polyatomic interferences. Overes.imation induced by interferences for
almost all REEs could be reduced below 4%, level that ca 1 be considered as acceptable. The method
has been validated by determining recoveries of RFFs in different water-spiked matrices and by
analysing certified reference materials. Concentr. *ions of REEs in PACS-3 have been assessed for the
first time in this study. As there is no precor..~.ntration step, this method is limited to samples with
sufficient levels of REEs (i.e. above the I N(, and thus may be not compatible for studies focused on
pristine environments. Besides, twc e!=nients remain tricky to quantify: Sc for which interferences
due to major anions (Ca, Si) canno. he completely solved, and Eu for which overestimation can reach
7.2% due to barium interfer_~ce.. For some specific cases characterized by very low concentration of
REEs combined with high «~ncentration of Sr (e.g. estuarine or marine water) and Gd (e.g. rivers fed
with high amount of wastewater treatment plant effluent), the present method also suffers from
some limitations. Indeed, ®SrH*, *°Gd'®0*/**>Gd"OH" and *Gd'®OH" can respectively skew the
quantification of ®Y, V’?Yb and '”°Lu respectively. Generally, preconcentration of REEs and removal of
matrix are performed for these types of waters. The removal of Sr is never studied while Ba removal
is always commented as BaO and BaOH that are well known for being strong interferences on Eu.
However, the scope of this method has been set by calculating limiting ratios. Finally, even if this

method is dedicated to quantification of REEs with a simple quadrupole ICP-MS equipped with a
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collision reaction cell without any preconcentration step or modification of the introduction system,
it should be interesting to test the performance of this method coupled with a desolvating system.

The latter should allow to further reduce the IEC and to enhance the sensitivity of this method.

Acknowledgments

This work was supported by Interreg Valse project, CPER Climibio, the region “Hauts-de-France”, the
French Ministry of Higher Education and the Research and the Euroj ©an Regional Development. The
ICP-OES and ICP-MS analyses were performed using the facilities ~f Caevreul Institute (U-Lille). The

authors are also grateful to Veronique Alaimo for her techniral su.port.

Appendix A. Supplementary data and Supplementary vauta to this article can be found online at doi:...

References

22



N. G. Connelly, T. Damhus, R. M. Hartshorn, A. T. Hutton, The Royal Society of Chemistry, 2005,
available from: http://old.iupac.org/publications/books/rbook/Red_Book_2005.pdf, Access date:
June 11, 2020

R. W. Murray, M. R. Buchholtz ten Brink, D. L. Jones, D. C. Gerlach, G. P. Russ, Rare earth
elements as indicators of different marine depositional environments in chert and shale, Geology
18 (1990) 268-271. https://doi.org/10.1130/0091-7613(1990)018<0268:REEAIO0>2.3.CO;2

C. Laveuf, S. Cornu, A review on the potentiality of rare earth elements to trace pedogenetic
processes, Geoderma 154 (2009) 1-12. https://doi.org/10.1016/,.; ~oderma.2009.10.002

S. Bwire Ojiambo, W. Berry Lyons, K. A. Welch, R. J. Poreu., K. H. Johannesson, Strontium
isotopes and rare earth elements as tracers of gro.ndwater-lake water interactions, Lake
Naivasha, Kenya, Appl. Geochem. 18 (2003) 1,%9-1805. https://doi.org/10.1016/S0883-
2927(03)00104-5

Y. Nozaki, D. S. Alibo, Importance of ve tuc | geochemical processes in controlling the oceanic
profiles of dissolved rare earth elem~=nts in t..e northeastern Indian Ocean, Earth Planet. Sci. Lett.
205 (2003) 155-172. https://doi.org /70.2216/5S0012-821X(02)01027-0

M. Davranche, O. Pourret, G. (3, *au, A. Dia, Impact of humate complexation on the adsorption of
REE onto Fe oxyhydr.vice, J. Colloid. Interf. Sci. 277 (2004) 271-279.
https://doi.org/10.101 3/j.jc's.2004.04.007

P. Brito, R. Prego, M. M.il-Homens, |. Cacador, M. Caetano, Sources and distribution of yttrium
and rare earth elements in surface sediments from Tagus estuary, Portugal, Sci. Total Environ.
621 (2018) 317-325. https://doi.org/10.1016/j.scitotenv.2017.11.245

V. Zepf (2013) Rare earth elements: what and where they are. in: rare earth elements. Springer
Theses  (Recognizing Outstanding Ph.D. Research). Springer, Berlin, Heidelberg

https://doi.org/10.1007/978-3-642-35458-8_2

23



9.

10.

11.

12.

13.

14.

15.

16.

V. Balaram, Rare earth elements: A review of applications, occurrence, exploration, analysis,
recycling, and environmental impact, Geosci. Front. 10 (2019) 1285-1303.
https://doi.org/10.1016/j.gsf.2018.12.005

A. Cobelo-Garcia, M. Filella, P. Croot, C. Frazzoli, G. Du Laing, N. Ospina-Alvarez, S. Rauch, P.
Salaun, J. Schéfer, S. Zimmermann, COST action TD1407: network on technology-critical elements
(NOTICE)—from environmental processes to human health threats, Environ. Sci. Pollut. Res. 22
(2015) 15188-15194. https://doi.org/10.1007/s11356-015-5221-0

M. Bau, P. Dulski, Anthropogenic origin of positive gadolinium a,.~malies in river waters, Earth
Planet. Sci. Lett. 143 (1996)245-255. https://doi.org/10.101~ /0.7 2-821X(96)00127-6

R. M. Pedreira, K. Pahnke, P. Boning, V. Hatje, Tracking hospital effluent-derived gadolinium in
Atlantic coastal waters off Brazil, W te, Res. 145 (2018) 62-72.
https://doi.org/10.1016/j.watres.2018.08.005

A. Lerat-Hardy, A. Coynel, L. Dutruch, C re etc, C. Bossy, T. Gil-Diaz and J. Schafer, Rare Earth
Element fluxes over 15 years into a major European Estuary (Garonne-Gironde, SW France):
Hospital effluents as a source of ir cr:a>*ng gadolinium anomalies, Sci. Total Environ. 656 (2019)
409-420. https://doi.org/10.16.5/j.scitotenv.2018.11.343

C. Hissler, P. Stille, C. Guignai.' J.F. Iffly, L. Pfister, Rare Earth Elements as hydrological tracers of
anthropogenic and cr tical zone contributions: a case study at the Alzette River basin scale,
Procedia Earth Planet €_i. 10 (2014) 349-352. https://doi.org/10.1016/j.proeps.2014.08.036

W. Gwenzi, L. Mangori, C. Danha, N. Chaukura, N. Dunjana, E. Sanganyado, Sources, behaviour,
and environmental and human health risks of high-technology rare earth elements as emerging
contaminants, Sci. Total Environ. 636 (2018) 299-313.
https://doi.org/10.1016/].scitotenv.2018.04.235

B. Zawisza, K. Pytlakowska, B. Feist., M. Polowniak, A. Kita, R. Sitko, Determination of rare earth
elements by spectroscopic techniques: a review, J. Anal. At. Spectrom. 26 (2011) 2373-

2390. https://doi.org/10.1039/C1JA10140D

24



17

18.

19.

20.

21.

22.

23.

24,

A. A. Gorbatenko, E. I. Revina, Review of Instrumental Methods for Determination of Rare Earth
Elements, Inorg. Mater. 51 (2015) 1375-1388. https://doi.org/10.1134/50020168515140058

A. Fisher, D. Kara, Determination of rare earth elements in natural water samples — A review of
sample separation, preconcentration and direct methodologies, Anal. Chim. Acta 935 (2016) 1-
29. https://doi.org/10.1016/j.aca.2016.05.052

B. Hu, M. He, B. Chen, Z. Jiang, Separation/preconcentration techniques for rare earth elements
analysis, Handbook  of  Rare Earth Elements: Analytics., (2017), 14-73.
https://doi.org/10.1016/j.aca.2016.05.052

Y. Li, W. Guo, Z. Wu, L. Jin, Y. Ke, Q. Guo, S. Hu, Determinati~n ¥ ultra-trace rare earth elements
in high-salt groundwater using aerosol dilution inducti =ly coupled plasma-mass spectrometry
(ICP-MS) after iron hydroxide co-precipitation, Microchem. J. 126 (2016) 194-199.
https://doi.org/10.1016/j.microc.2015.12.006

M. Vaughan, G. Horlick, Correction pro‘.ea ires for rare earth element analyses in inductively
coupled plasma-mass  spectrcmetry,  Appl.  Spectrosc. 44 (1990) 587-593.
https://doi.org/10.1366/00037029 14 7188

N. M. Raut, L.-S. Huang, K.-C .in, S. K. Aggarwal, Uncertainty propagation through correction
methodology for the detern.’nation of rare earth elements by quadrupole based inductively
coupled plasma ryass spectrometry, Anal. Chim. Acta 530 (2005) 91-103.
https://doi.org/10.101F,j.aca.2004.08.067

E. V. Elovskiy, Mathematical elimination of spectral interferences in the direct determination of
rare-earth elements in natural waters by inductively coupled plasma quadrupole mass
spectrometry, J. Anal. Chem. 70 (2015) 1654-1663.
https://doi.org/10.1134/51061934815140063

K. E. Jarvis, A. L. Gray, E. J. McCurdy, Avoidance of spectral interference on europium in
inductively coupled plasma mass spectrometry by sensitive measurement of the doubly charged

ion, J. Anal. At. Spectrom. 4 (1989) 743-747. https://doi.org/10.1039/JA9890400743

25



25

26.

27.

28.

29.

30.

31.

V. K. Karandashev, K. V. Zhernokleeva, Y. A. Karpov, Use of doubly charged ions in the
determination of certain rare earth elements in neodymium, samarium, europium, and their
compounds by inductively coupled plasma mass spectrometry, Inorg. Mater. 49 (2013) 1303-
1308. https://doi.org/10.1134/50020168513140069

K. Simitchiev, V. Stefanova, V. Kmetov, G. Andreev, A. Sanchez, A. Canals, Investigation of ICP-MS
spectral interferences in the determination of Rh, Pd, and Pt in road dust: assessment of
correction algorithms via uncertainty budget analysis and interference alleviation by preliminary
acid leaching, Talanta 77 (2008) 889-896. https://doi.org/10.101o," talanta.2008.07.041

C. H. Chung, I. Brenner, C. F. You, Comparison of microconce.~*:ic and membrane-desolvation
sample introduction systems for determination of lov: rare earth element concentrations in
surface and subsurface waters using sector field indu.*iv.ly coupled plasma mass spectrometry,
Spectrochim. Acta, Part B 64 (2009) 849-856. ht p<.//doi.org/10.1016/j.sab.2009.06.013

S. Becker, H.-J. Dietze, Double-focusing se.tor field inductively coupled plasma mass
spectrometry for highly sensitive milti-elen.ant and isotopic analysis, J. Anal. At. Spectrom. 12
(1997) 881-889. https://doi.org/1C 17:2,'A702178)

F. Ardini, F. Soggia, F. Rugi, R isti, M. Grotti, Conversion of rare earth elements to molecular
oxide ions in a dynamic reac on cell and consequences on their determination by inductively
coupled plasma mezess :pectrometry, J. Anal. At. Spectrom. 25 (2010) 1588-1597.
https://doi.org/10.103°,B927108B

V. I. Baranov, D.R. Bandura, S. D. Tanner, Reaction cell approach to the oxide problem, presented
at Winter Conference on Plasma Spectrochemistry, Ft. Lauderdale, Florida, (2000), Book of
abstracts, 375

J. S. A. Silva, T. A. Maranhao, F. J. S. Oliveira, A. J. Curtius, V. L. A Frescura, Determination of rare
earth elements in spent catalyst samples from oil refinery by dynamic reaction cell inductively
coupled plasma mass spectrometry, J.Braz. Chem. Soc. 25 (2014) 1062-1070.

https://doi.org/10.5935/0103-5053.20140079

26



32

33.

34.

35.

36.

37.

38.

39.

Z. Du, R. S. Houk, Attenuation of metal oxide ions in inductively coupled plasma mass
spectrometry with hydrogen in a hexapole collision cell, J. Anal. At. Spectrom. 15 (2000) 383-388.
https://doi.org/10.1039/A905046|

N. I. Rousis, N. S. Thomaidis, Reduction of interferences in the determination of lanthanides,
actinides and transition metals by an octopole collision/reaction cell inductively coupled plasma
mass spectrometer - application to the analysis of Chiosmastic, Talanta 175 (2017) 69-76.
https://doi.org/10.1016/j.talanta.2017.07.034

R. Salminen and al. Geochemical Atlas of Europe. Part 1 — Backgio.'nd Information, Methodology
and Maps. Geological Survey of Finland, Otamedia 7y, Espoo, (2005) 525pp.
http://weppi.gtk.fi/publ/foregsatlas/index.php. Access ¢ te: June 16, 2020

W. De Vos and T. Tarvainen, et al. Geochemical A.~s of Europe. Part 2 — Interpretation of
Geochemical Maps, Additional tables, Figures, [1zps and Related Publications. Geological Survey
of Finland, Otamedia Oy, Espoo, (2006’ b.2p. http://weppi.gtk.fi/publ/foregsatlas/part2.php
Access date: June 16, 2020

V. Hatje, K. W. Bruland, A. R. Fleg ||, n.2reases in anthropogenic gadolinium anomalies and rare
earth element concentrations 1. San Francisco Bay over a 20 year record, Environ. Sci. Technol.
50 (2016) 4159-4168. https:/,.'ni.org/10.1021/acs.est.5b04322

P.—J. Superville, A. Iva.ovsty, P. Bhurtun, J. Prygiel, G. Billon, Diel cycles of reduced manganese
and their seasonal variability in the Marque River (Northern France), Sci. Total Environ. 624
(2018) 918-925. https://doi.org/10.1016/j.scitotenv.2017.12.189

A. Ivanovsky, J. Criquet, D. Dumoulin, C. Alary, J. Prygiel, L. Duponchel, G. Billon, Water quality
assessment of a small peri-urban river using low and high frequency monitoring, Environ. Sci.:
Processes Impacts 18 (2016) 624-637. https://doi.org/10.1039/C5EM00659G

A. Boughriet, N. Proix, G Billon, P. Recourt, B. Ouddane, Environmental impacts of heavy metal

discharges from a smelter in De(llle-canal sediments (Northern France): concentration level and

27



40.

41.

42.

43.

44,

45.

46.

chemical fractionation, Water Air Soil Pollut. 180 (2007) 83-95. https://doi.org/10.1007/s11270-

006-9252-5

K. Nakano, Direct measurement of trace rare earth elements in high purity REE oxides, Agilent
8800 ICP-QQQ Application Handbook Primer 4™ edition. (2020) 93-95. Publication number: 5991-
2802EN. https://www.agilent.com/cs/library/applications/appcompendium_icp-qgqg-5991-
2802en-us-agilent.pdf, Access date: June 16, 2020

C. F. Harrington, A. Walter, S. Nelms, A. Taylor, Removal of the gadolinium interference from the
measurement of selenium in human serum by use of collisic.> cell quadrupole inductively
coupled plasma mass spectrometry (Q-ICP-MS), Ann. (lin. Bochem. 51 (2014) 386-391.
https://doi.org/10.1177/0004563213504386

B. P. Jackson, A. Liba, J. Nelson, Advantages of .~a~cion cell ICP-MS on doubly charged
interferences for arsenic and selenium analysis ir fcods, J. Anal. At. Spectrom. 30 (2015) 1179-
1183. https://doi.org/10.1039/C4JA0031".A

V. N. Epov, V.Taylor, D. Lariviere, R. D. Evan, R. J. Cornett, Collision cell chemistry for the analysis
of radioisotopes by inductively counlr.a -iasma mass spectrometry, J. Radioanal. Nucl. Chem. 258
(2003) 473-482. https://doi.org, 10.1U23/B:JRNC.0000011740.95950.d9

N. Sugiyama, K. Nakano, Re.-tion data for 70 elements using O,, NH; and H, gases with the
Agilent 8800 triple qu. druj ole ICP-MS, Agilent Technologies: Technical note, (2014) Publication
number: 5991-458" EN.https://www.agilent.com/cs/library/technicaloverviews/public/5991-
4585EN_TechNote8800 ICP-QQQ_reactiondata.pdf, Access date: June 16, 2020

Y. Yamada, Kinetic energy discrimination in collision/reaction cell ICP-MS: Theoretical review of
principles and limitations, Spectrochim. Acta, Part B 110 (2015) 31-44.
https://doi.org/10.1016/j.sab.2015.05.008

P. Dulski, Interferences of oxide, hydroxide and chloride analyte species in the determination of
rare earth elements in geological samples by inductively coupled plasma-mass spectrometry,

Fresenius’ J. Anal. Chem. 350 (1994) 194-203. https://doi.org/10.1007/BF00322470

28



47

48.

49.

50.

51.

52.

53.

S. Aries, M. Valladon, M. Polvé, B. Dupré, A routine method for oxide and hydroxide interference
corrections in ICP-MS chemical analysis of environmental and geological samples, Geostand.
Newsl. 24 (2000) 19-31. https://doi.org/10.1111/j.1751-908X.2000.tb00583.x

S. Cerutti, J. A. Salonia, J. A. Gasquez, R. A. Olsina, L. D. Martinez, Determination of scandium in
river water by ICP-OES with flow-injection on-line preconcentration using knotted reactor and
ultrasonic nebulization, J. Anal. At. Spectrom. 18 (2003) 1198-1201.
https://doi.org/10.1039/B305871A

C. E. Parker, M. T. Brown, K. W. Bruland, Scandium in the open o.=an: A comparison with other
group 3 trivalent metals, Geophys. Res. Lett. (°Z16), 43 (6), 2758-2764.
https://doi.org/10.1002/2016GL067827

L. Whitty-Léveillé, E. Drouin, M. Constantin, C. Bazin, D cariviére, Scandium analysis in silicon-
containing minerals by inductively coupled plis'ae tandem mass spectrometry, Spectrochim.
Acta, Part B 118 (2016) 112-118. https://7.01.>rg,20.1016/j.5ab.2016.02.014

O. Pourret, G. Gruau, A. Dia, M. Devranche, J. Molenat, Colloidal control on the distribution of
rare earth elements in shallcw Joundwaters, Aquat. Geochem. 16 (2010) 31-59.
https://doi.org/10.1007/s1049. 109-9069-0

~

D. Yeghicheyan, C. Cloquet, > Freydier, D. Dumoulin, M. Tharaud, L. Alleman, T. Rousseau, F.
Seby, J. Riotte, A. Mattuet C. Jeandel, L. Causse, J. Dumont, L. Cordier, P. Grinberg, Z. Mester,
Certification of the new drinking water reference material AQUA-1 (NRC-CNRC): Preliminary
results for major and trace elements concentrations and isotopic ratios presented at
Goldschmidt, Barcelona, Spain, (2005), book of abstract 3825.
https://goldschmidtabstracts.info/2019/3825.pdf

Access date: June 16, 2020

D. Yeghicheyan, D. Aubert, M. Bouhnik-Le-Coz, J. Chmeleff, S. Delpoux, |. Djouraev, G. Granier, F.

Lacan, J.-L. Piro, T. Rousseau, C. Cloquet, A. Marquet, C. Menniti, C. Pradoux, R. Freydier, E. Vieira

da Silva-Fihlo, K. Suchorski, A new interlaboratory characterisation of silicon, rare earth elements

29



54,

55.

56.

57.

58.

59.

60.

and twenty-two other trace element concentrations in the natural river water certified reference
material SLRS-6  (NRC-CNRC), Geostand. Geoanal. Res. 43 (2019) 475-496.
https://doi.org/10.1111/ggr.12268

M. G. Lawrence, B. S. Kamber, Rare earth element concentrations in the natural water reference
materials (NRCC) NASS-5, CASS-4 and SLEW-3, Geostand. Geoanal. Res. 31 (2007) 95-103.
https://doi.org/10.1111/j.1751-908X.2007.00850.x

G. Bayon, D. Birot, C. Bollinger, J. A. Barrat, Multi-element determination of trace elements in
natural water reference materials by ICP-SFMS after Tm addi.~n and iron co-precipitation,
Geostand. Geoanal. Res. 35 (2011) 145-153. https://doi.org/10.2*21/j.1751-908X.2010.00064.x
B.-S. Wang, C.-P. Lee, T.-Y. Ho, Trace metal determinat:'\n in natural waters by automated solid
phase extraction system and ICP-MS: The influence ¢° low level Mg and Ca, Talanta 128 (2014)
337-344. https://doi.org/10.1016/j.talanta.2014.0%..C77

I. Wysocka, E. Vassileva, Spectrochim v 2th.d validation for high resolution sector field
inductively coupled plasma mass spactrome.ry determination of the emerging contaminants in
the open ocean: Rare earth el:me *s as a case study, Acta, Part B 128 (2017) 1-10.
https://doi.org/10.1016/j.sab.2.16.12.004

Z. Zhu, A. Zheng, Fast Dete 'mination of Yttrium and Rare Earth Elements in Seawater by
Inductively Coupled ‘’lasn a-Mass Spectrometry after Online Flow Injection Pretreatment,
Molecules 23 (2018) 48¢,-502. https://doi.org/10.3390/molecules23020489

ISO 13528, Statistical methods for use in proficiency testing by interlaboratory comparisons,
International Organization for Standardization (2005) 66pp.

D. Yeghicheyan, C. Bossy, M. Bouhnik-Le-Coz, C. Douchet, G. Granier, A. Heimburger, F. Lacan, A.
Lanzanova, T. C. C. Rousseau, J.-L. Seidel, M. Tharaud, F., Candaudap, J. Chmeleff, C. Cloquet, S.
Delpoux, M. Labatut, R. Losno, C. Pradoux, Y. Sivry, J. E. Sonke, A compilation of silicon, rare earth

elements and twenty-one other trace element concentrations in the natural river water

30



61.

62.

63.

64.

65.

66.

67.

reference material SLRS-5 (NRC-CNRC), Geostand. Geoanal. Res. 37 (2013) 449-467.

https://doi.org/10.1111/j.1751-908X.2013.00232.x

Z. Arslan, T. Oymak, J. White, Triethylamine-assisted Mg(OH), coprecipitation/preconcentration
for determination of trace metals and rare earth elements in seawater by inductively coupled
plasma mass spectrometry (ICP-MS), Anal. Chim. Acta 1008 (2018) 18-28.
https://doi.org/10.1016/j.aca.2018.01.017

I. Rodushkin, T. Ruth, D. Klockare, Non-spectral interferences caused by a saline water matrix in
quadrupole and high resolution inductively coupled plasma nia>s spectrometry, J. Anal. At.
Spectrom. 13 (1998) 159-166. https://doi.org/10.1039/A706NAL T

Z Fiket, N. Mikac, G. Kniewald, Mass fractions of forty-=*w major and trace elements, including
rare earth elements, in sediment and soil reference m-=.cerials used in environmental studies,
Geostand. Geoanal. Res. 41 (2017) 125-135. htt s*, /c'oi.org/10.1111/ggr.12129

S. Waheed, A. Rahman, N. Siddique, S. £an.3d, Rare Earth and Other Trace Element Content of
NRCC HISS-1 Sandy Marine Sedimen* Referei.ce Material, Geostand. Geoanal. Res. 31 (2007) 133-
141. https://doi.org/10.1111/j.175 -C0*.2007.00845.x

Z. Begum, V. Balaram, S. M. Ah, ~ad, M. Satyanarayanan, R. Gnaneshwar, Determination of trace
and rare earth elements in m. ine sediment reference materials by ICP-MS: comparison of open
and closed acic digestion methods, At.Spectrosc. 28 (2007) 41-50.
http://www.aandb.com.cn/script/ftpfiles/Atomic%20Spectroscopy%2028(2).pdf#tpage=3

Access date: June 16, 2020

P. M. Outridge, H. Sanei, C. J. Courtney Mustaphi, K. Gajewski, Holocene climate change
influences on trace metal and organic matter geochemistry in the sediments of an Arctic lake
over 7,000 years, Appl. Geochem. 78 (2017) 35-48.
https://doi.org/10.1016/j.apgeochem.2016.11.018

V. Celo, E. Dabek-Zlotorzynska, J. Zhao, |I. Okonskaia, D. Bowman, An improved method for

determination of lanthanoids in environmental samples by inductively coupled plasma mass

31



68.

69.

70.

71.

72.

spectrometry with high matrix introduction system, Anal. Chim. Acta 706 (2011) 89-96.
https://doi.org/10.1016/j.aca.2011.08.024

V. M. Neves, G. M. Heidrich, F. B. Hanzel, E. I. Muller, V. L. Dressler, Rare earth elements profile in
a cultivated and non-cultivated soil determined by laser ablation-inductively coupled plasma
mass spectrometry, Chemosphere 198 (2018) 409-416.
https://doi.org/10.1016/j.chemosphere.2018.01.165

K. E. Jarvis, A critical evaluation of two sample preparation techniques for low-level
determination of some geologically incompatible elements by in ctively coupled plasma-mass
spectrometry, Chem.Geol. 83 (1990) 89-103. https://doi.org/106.2"16/0009-2541(90)90142-T

M. Shaheen, B. J. Fryer, A simple solution to expandin_; avauable reference materials for Laser
Ablation Inductively Coupled Plasma Mass Spectron.otry analysis: Applications to sedimentary
materials, Spectrochim. Acta, 2o.t B 66 (2011) 627-636.
https://doi.org/10.1016/j.sab.2011.06.07 »

J. Yang, M. Torres, J. Mcmanus, T. J. Algeo, J. A. Hakala, C. Verba, Controls on rare earth elements
distributions in ancient organic-ric!' s 2" nentary sequences: role of post-depositional diagenesis
of phosphorus phas.s, Chem. Geol. 466 (2017) 533-544.
https://doi.org/10.1016/j.che. "ge0.2017.07.003

L. Carvalho, R. Monteii n, P. Figueira, C. Mieiro, E. Pereira, V. Magalhaes, L. Pinheiro, C. Vale, Rare
earth elements in mud volcano sediments from the Gulf of Cadiz, South Iberian Peninsula, Sci.

Total Environ. 652 (2019) 869-879. https://doi.org/10.1016/j.scitotenv.2018.10.227

32



G. Trommetter: Methodology, Validation, Formal analysis, Investigation, Writing - Original Draft. D.
Dumoulin: Conceptualization, Methodology, Validation, Investigation, Resources, Writing - Review &

Editing, Visualization, Supervision. G. Billon: Resources, Writing - Review & Editing, Visualization,

Supervision, Funding acquisition

33



Declaration of interests

The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

(IThe authors declare the following financial interests/personal relationships which may be
considered as potential competing interests:

34



Journal Pre-proof

In,
te"fere,, ces

MOH*

Sediment MAr

35



Highlights

- A direct method of quantification of REEs in water and digested sediment is proposed.
- The method does not require mathematical corrections and preconcentration steps.

- Flow of He gas and Kinetic Energy Discrimination (KED) voltages have been optimized.
- The method allows accurate quantification of REEs in environmental conditions.

- The method was validated using spiking experiments and certified , - ference materials.
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