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Abstract

Dy, Ho, Er, Tm, and Sc mono-element solution certified reference materials (CRMs) with the certified value 0of983.3 ug g_1 were
developed with high-purity lanthanide oxides by using a novel purity characterization strategy. In the purity characterization
process, complexometric titration was first employed to acquire the total metal ion concentration reacting with EDTA. Twenty-
seven non-lanthanide impurities were measured by an external ICP-MS method with three multi-element calibration solution
CRMs as calibrants. To avoid REO(H)* interference from the main lanthanide matrix, two strategies namely LA-ICP-MS and
MD-ICP-MS were optimized and used for the measurement of 15 rare earth impurities. The purity of lanthanide oxide material
was obtained by subtracting the 42 impurities from the total metal ions reacting with EDTA. After purity characterization, the
solution CRMs were prepared with a gravimetric method, and the CRM values were verified with corresponding NIST rare earth
solution SRMs. It was shown that 15 units with duplicate analysis are enough to demonstrate the homogeneity of these candidate
reference materials. The statistical results also showed no significant trends in stability tests for 24 months. The final uncertainties
of the CRMs were evaluated by combining uncertainty contributions including the sample characterization and gravimetric
preparation (uqpar), between-bottle homogeneity (uyy,), and stability (). The relative expanded uncertainties of the five CRMs are
0.5%. These CRMs are primarily intended for use in the measurement and calibration procedures of lanthanide analysis in
environmental and geological areas. Most importantly, the purity characterization strategy of this study will provide a new idea
for the certification of high-purity and mono-element solution reference materials.
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Introduction

Rare earth element (REE) is one of a set of 17 chemical ele-
ments in the periodic table, specifically the 15 lanthanides, as
well as scandium and yttrium. Lanthanide compounds, be-
cause of their valuable magnetic, catalytic, and optical prop-
erties [1], are widely used as catalysts or additives to materials
for industry [2] and medicine, astrophysical materials [3], and
as a doping agent in the optical industry [4]. In recent years, it
was also noticed that some lanthanide bifunctional metal che-
lating agents were used to label peptides or proteins intended
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for protein quantification in life science [5-7]. As a result,
there is increasing interest for developing rapid and sensitive
methods for the determination of rare earth elements.

With the increasing application area of REEs, analytical
techniques of lanthanides have been developing significantly.
Earlier analysis of rare earth elements was mainly by chemical
titration; however, the enrichment process was complex and
the detection limit was not good. Most importantly, interfer-
ences from adjacent lanthanides were very serious. Therefore,
the titration can only acquire the total amount of lanthanide
and cannot distinguish the impurities with similar titration
complexation constant. Of various analytical techniques, neu-
tron activation method (NAA) [8], inductively coupled plas-
ma mass spectrometry (ICP-MS) [9], and inductively coupled
plasma optical emission spectrometry (ICP-OES) [10, 11]
have proven to be the most effective and extensively used
techniques for the REE determination. Although these tech-
niques made lanthanide analysis faster and more precise, qual-
ity assurance through the use of CRMs is still very crucial to
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ensure the traceability of analytical procedures [12]. A survey
of currently available CRMs certified for lanthanide identified
a number of products. Seventeen mono-elemental lanthanide
solutions from NIST were produced, and the concentration of
the lanthanide was approximate 10 mg gfl. La, Ce, Sm, Eu,
Yb, Lu, and Y mono-element standard solution CRMs
(GBWO08651-08657) prepared from high-purity lanthanide
oxide were developed more than 20 years ago in National
Institute of Metrology, China.

In the development of lanthanide CRMs, full purity char-
acterization of starting material is very challenging. The
CRMs of NIST were prepared from high-purity lanthanide
metal. However, the metal materials are not only very difficult
to acquire, but also are very reactive and prone to be oxidized
in purity characterization procedures. Another strategy is
starting from lanthanide oxide. However, many other lantha-
nide impurities, mainly from the associated lanthanide min-
erals, were usually naturally present in the high-purity lantha-
nide oxides. Because of the similar chemical properties and
spectral interferences of the impurities, it was very challenging
to distinguish the impurities from the high-purity lanthanide
for most analytical techniques. Therefore, most high-purity
lanthanide oxide products only give the purity value with the
total lanthanide oxide, not the specific targeted lanthanide el-
ement. Previously, in the development of REE CRMs, the
purity of the raw lanthanide oxide was only characterized by
chemical titration and quadruple ICP-MS semi-quantitative
analysis [13]. However, when determining the REE impurities
by ICP-MS, severe REO(H)* interference induced by REE
matrix would be encountered. As a result, the lanthanide im-
purities of raw REE materials cannot be accurately measured
and subtracted.

Laser ablation inductively coupled plasma mass spectrom-
etry (LA-ICP-MS), sample introduction to ICP-MS with dry
aerosols, can largely reduce the interferences from polyatomic
ions injected by solution and is a highly accepted method for
the determination of major, minor, and trace elements in solids
[14-16]. However, in the determination of impurities in REE
oxides by LA-ICP-MS, because of the shortage of matrix-
matched CRMs, accurate determination of trace impurities is
very difficult [17]. Additionally, membrane desolvator (MD)
coupled with ICP-MS, by reducing the production of poly-
atomic ions with membrane desolvation, is also considered
to be an effective approach for trace rare earth impurities in
high-purity lanthanides [18].

In this study, Dy, Ho, Er, Tm, and Sc mono-element
solution CRMs with the certified value of 1000 ug mL™"
were developed with high-purity lanthanide oxides by
using a novel purity characterization strategy. In purity
characterization process, complexometric titration was
first employed to acquire the total metal ion concentration
reacting with EDTA. The total metal ions reacting with
EDTA include three contributions: the main lanthanide
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element, 15 rare earth impurities, and the other 27 non-
rare carth elements. In the certification of 27 non-rare
earth impurities, ICP-MS with three multi-element cali-
bration solution CRMs (GBW(E)082429~082431, with
70 elements) as external calibrants was employed. For
the rare earth impurities, to avoid REO(H)" interference
from main lanthanide matrix, two strategies namely LA-
ICP-MS and MD-ICP-MS were optimized and used for
the measurement of 15 rare earth impurities. The purity
of lanthanide oxide material was obtained by subtracting
the 42 impurities from the total metal ions. After purity
characterization, the solution CRMs were prepared with
gravimetric method, and the CRM values were verified
with corresponding NIST rare earth solution SRMs
(SRM 3115a, 3116a, 3123a, 3148a, and 3160a). The rel-
ative expanded uncertainties of Dy, Ho, Er, Tm, and Sc
CRMs are 0.5%.

Experimental
Instrumentation

A CETAC LSX-213 system (CETAC Technologies, USA)
and U6000AT+ Membrane Desolvator system (CETAC
Technologies, Omaha, NE, USA) coupled to quadrupole
ICP-MS (Agilent 7700x) was used for LA-ICP-MS and
MD-LA-ICP-MS analyses. Optimization of ICP-MS was car-
ried out with a normal tuning solution (10 ng gf1 Be, In, Bi).
LA-ICP-MS was optimized by SRM610 glass sample for sig-
nal sensitivity and stability. The optimum instrumental param-
eters used for LA, MD, and ICP-MS are given in Table 1. Two

Table 1 Operating conditions of the ICP-MS, laser ablation, and
membrane Desolvator system

ICP-MS (Agilent 7700x)
RF power (W) 1550
Cooling gas flow rate (L min ") 15

Carrier gas flow rate (L min ') 1.05
Sampling depth (mm) 8.0
Integration time (s) 0.3
Laser ablation system (LSX213)
Ablation mode Single line scan
Repetition frequency (Hz) 20
Energy output Sc, Ho, Tm (70%), and Er (100%)
Scan speed (um sH 20
Spot diameter (pm) 200

Membrane desolvator system
Ar, sweep gas flow rate (L min~') 5.09
Spray chamber temperature (°C) 110
Desolvator temperature (°C) 160
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electronic balances (XP205, d =0.01 mg; XP64000L, d=1 g,
Mettler Toledo, Switzerland) were used for sample weighing
in titration and CRM preparation process. The lanthanide ox-
ide raw materials were pressed with tablet compressing ma-
chine (SYP-30TS, XIN NUO LIHUA Company, China) for
LA-ICP-MS analysis. Deionized and purified water (18 M-
cm, Millipore Milli-Q-Plus water purifier, USA) were used in
purity characterization experiments and CRM preparation
process.

Reagents and standards

The lanthanide oxides (Dy,03, Ho,O3, Er,O3, Tm,05,
Sc,03) with high purity (total REO > 99.9~99.99%) were
obtained from Minmetals (Beijing) Research Institute,
China. ICP-MS tuning standard solution (GBW(E)130242)
and four multi-elementsolutions (GBW(E)082428~082431)
were all certified reference materials obtained from National
Institute of Metrology, China. Ethylene diamine tetraacetic
acid disodium (EDTA) (GBW06102) were certified by
constant—current coulometry with Primary Chemical Purity
Standard in National Institute of Metrology, China [19]. Dy,
Ho, Er, Tm, and Sc mono-element standard solution (SRM
3115a, 3116a, 3123a, 3148a, and 3160a) from NIST were
used for value verification procedures. Ascorbic acid, ammo-
nium hydroxide, hexamethylenetetramine, xylenol orange,
boric acid, and HCI were all GR purity and obtained from
Beijing Chemical Regents Institute, China. HNO3 and HCI
with metal-oxide-semiconductor (MOS) purity from Merck
were used after sub-boiled purification.

Preparation of candidate materials

In the sample preparation for purity characterization, the
high-purity lanthanide oxides were heated in muffle fur-
nace under 900 °C for 6 h, and then cooled and preserved
in a vacuum dryer. A certain amount of lanthanide oxide
was accurately weighted in the beaker and approximately
200 mL 1:1 HCI was added. The solutions were heated
and dissolved for approximate 30 min, and cooled down
to room temperature. The stock solutions were diluted
with sub-boiled HCI and deionized water to the concen-
tration of 1000 ug mL™' with 10% HCI matrix. After
purity characterization, the Dy, Ho, Er, Tm, and Sc
mono-element solution CRMs were prepared as the same
procedure as that for purity characterization. The detailed
procedure for sample preparation is as shown in Fig. 1.
By gravimetrically weighing candidate CRM solution in a
2-L volumetric flask, the density of all the five candidate
CRMs was determined to be 1.0018 g mL™" at 20 +°C.

Sample preparation for purity
characterization

'

EDTA titration, ICP-MS, LA/MD-
ICP-MS for purity characterization

CRMs preparation by
gravimetric method

l

CRMs sub package

}

Value verification

|

|

Homogeneity test

f

Stability test

v

Certified value and uncertainty evaluation

Fig. 1 Preparation procedure of the candidate lanthanide solution CRMs

Purity characterization of lanthanide oxides
Qualitative analysis of lanthanide oxides

Mixture of 0.2 g lanthanide oxide raw and 0.8 g boric acid was
grinded in agate mortar for 20 min. The mixed powder was
pressed with the tablet compressing machine at 20 MPa for
30 s. The isotopes of '®*Dy*, '®*Ho*, '*Er*, '“Tm*, and
438¢* of the pressed tablet samples were measured by LA-
ICP-MS for qualitative analysis. The results showed that more
than 10" ¢ps of the measured isotopes were observed, which
proved the main lanthanide matrix of the raw material.

Total metal ion measurement by complexometric titration

Ten milliliters of prepared Dy CRM solution (target con-
centration 1000 mg L") for purity characterization was
weighed in a conical flask; 50 mL deionized water, 0.2 g
ascorbic acid, and 3 mL 1:1 ammonium hydroxide were
added, and the pH was adjusted to 5.0~5.5. Drops of 0.3%
xylenol orange and 5 mL hexamethylenetetramine with
the concentration of 1 mol L™ were added, and the color
of the mixture solution was violet. EDTA standard solu-
tion with the concentration of 0.01 mol L™" was used for
titration. Cautiously and dropwise added when ap-
proaching end point, the total amount of used EDTA so-
lution was approximate 5 mL. Fourteen parallel titrations
of Dy candidate CRM were carried out by two separate
experimenters, and the experimental procedures of Ho, Er,
Tm, and Sc were similar with that of Dy.
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Measurement of non-lanthanide impurities by ICP-MS

The impurities in candidate Dy, Ho, Er, Tm, and Sc CRM
solutions were first semi-quantified by ICP-MS. By using
the semi-quantification methods inherited in Agilent 7700x
ICP-MS software, the impurities from Li to U in periodical
table were semi-quantified. The solutions with the concentra-
tion of 1000 pg mL ™" were directly introduced to ICP-MS
without dilution and the matrix lanthanide element was not
detected in order to avoid signal overflowing.

After semi-quantification, 27 non-lanthanide elements with
similar complex constant to lanthanides, including Ti, Zr, V,
Cr, Fe, Co, Ni, Pd, Cu, Zn, Cd, Hg, Al, In, T1, Mn, Pb, Bi, Th,
Sc, Y, Ga, Pt, Sn, Sb, Hf, and U, were accurately measured by
using external calibration ICP-MS. The candidate CRM solu-
tions were introduced to ICP-MS without dilution, and five
parallel samples of each candidate CRM solution were
analyzed.

Measurement of rare earth impurities by LA-ICP-MS

Rare earth impurities of the pressed lanthanide tablets were
determined by LA-ICP-MS. Five lines were scanned of each
lanthanide tablet, and the signals of rare earth impurities of
each tablet were averaged from the five lines. The concentra-
tion of each impurity was acquired by total signal normaliza-
tion with sensitivity factor correction. The laser ablation con-
ditions, including laser energy, spot size, scan rate, and fre-
quency, were fully optimized in the experiment. To investigate
the sensitivity factor (SF) of each lanthanide, 14 high-purity
lanthanide oxides were doped in boric acid with different pro-
portions and pressed to tablet. The lanthanide impurity con-
centrations of these in-house prepared calibrants were 0.005,
0.010, 0.020, and 0.030 g g '. A pure boric acid tablet was
prepared to calculate the limit of detection (LOD, 3 s of blank)
and limit of quantification (LOQ, 10s of blank) of LA-ICP-
MS.

Measurement of rare earth impurities by MD-ICP-MS

The CRM solutions with the concentration of 1000 pg mL™
were directly introduced to MD-ICP-MS without dilution.
The membrane desolvator conditions were optimized and
listed in Table 1. Seventeen lanthanide multi-element CRMs
(GBW(E)082428) were used as external calibrants, and five
parallel samples were analyzed of each candidate CRM. As a
blank sample, 10% HCI was used to calculate the LOD and
LOQ of MD-ICP-MS.

Value verification by NIST lanthanide SRMs

After CRM preparation, the values of the candidate CRMs
were verified by ICP-MS. The NIST SRMs (SRM 3115a,
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3123a, 3116a, 3160a, and 3148a) were diluted to 2, 4, 8, and
16 ng g ' as external calibrants. The candidate CRMs were
also diluted to 10 ng g before introduction to ICP-MS. Five
parallel sub-units were measured of each candidate CRM.

Homogeneity and stability tests

Fifteen units were selected randomly from 1000 bottles of
each candidate CRM, and two samples were tested indepen-
dently from each unit. In the homogeneity and stability exper-
iments, the CRM solution was diluted to 10 ng g ' by accurate
weighing and measured by ICP-MS. The analysis of 30 du-
plicate samples of each lanthanide was arranged in a random-
ized order, and the analysis was completed within the shortest
time possible to minimize errors arising from instrumental
bias. The overall sample homogeneity was assessed by a
one-way analysis of variance (ANOVA). Samples were con-
sidered homogeneous if the F test values were smaller than
those of the critical values at 95% confidence interval [20].

The stability was checked throughout the storage period at
room temperature in 24 months. Five independent sub-
samples of one bottle were analyzed for the determination of
all the elements at 0, 4, &8, 12, 16, 20, and 24 months. The
method for stability test was the same to that of homogeneity
test, and the regression analysis was recommended in ISO
Guide 35:2006 [20].

Results and discussions

Purity characterization of Dy,03, Ho,03, Er,03,
Tm203, and SC203

Results of total metal cations by complexometric titration

Complexometric titration is a form of accurate analysis in
which the formation of a colored complex is used to indicate
the end point of a titration. Complexometric titrations are par-
ticularly useful for the determination of a mixture of different
metal ions in solution. EDTA forms an octahedral complex
with most 2* metal cations, M**, in aqueous solution. The
main reason that EDTA is used so extensively in the titration
of metal cation solutions is that the formation constant for
most metal cation EDTA complexes is very high, which is
very suitable for lanthanide analysis. In this work, by using
complexometric titration, the total metal cation concentration
(including the matrix lanthanide cations and some impurities)
reacting with EDTA could be acquired, and the results were
shown in Table 2.

The RSDs of titration results were less than 0.2%, which
were good enough for total metal cation measurement. The
uncertainty contribution of EDTA titration included standard
deviation of EDTA titration (0.04~0.05%), uncertainty of
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Table 2  Titration results of candidate Dy, Ho, Er, Tm, and Sc CRMs
g h

Table 3  Total contents of non-lanthanide impurities of Dy, Ho, Er, Tm,
and Sc oxides (g g ")

Metal cation Standard Total contents of Standard

concentration uncertainty non-lanthanide impurities uncertainty
Dy 0.86696 0.00049 Dy 0.00136 0.00005
Ho 0.86610 0.00050 Ho 0.00145 0.00007
Er 0.87632 0.00051 Er 0.00148 0.00003
Tm 0.86791 0.00051 Tm 0.00135 0.00005
Sc 0.64593 0.00042 Sc 0.00101 0.00003

EDTA CRM reagent (0.006%), uncertainties from weighing
(0.03%), uncertainty from molar mass of elements (0.005%),
and uncertainty from end point of indicator (0.02%). The stan-
dard uncertainty of EDTA titration was calculated from all
these contributions according to EURACHEM [21].

However, it should be noticed that the metal cations
reacting with EDTA include not only the main matrix lantha-
nide elements but also the impurities with similar titration
complexation constant. In this study, the impurities were di-
vided into non-lanthanide impurities and lanthanide impuri-
ties, and different measurement approaches were employed to
measure them separately.

Results of non-lanthanide impurities by ICP-MS

ICP-MS semi-quantitative data can give the approximate con-
tent of each impurity, and find major impurities needed to be
accurately quantified. In this study, the candidate Dy, Ho, Er,
Tm, and Sc CRM solutions were first semi-quantified by ICP-
MS. The Dy, Ho, Er, Tm, and Sc semi-quantification results
showed that the contents of B, Na, Si, Al, and Ca contributed
from 95.9 to 99.8% of all the metal cations. Since the com-
plexation constants of B, Na, Si, and Ca (pH 5.0~5.5) are from
1.6 to 4.2 which are much lower than those of lanthanides
(from 15.5 to 23.1), the B, Na, Si, and Ca cations do not react
with EDTA in titration experiment [22]. However, because the
complexation constant of Al is 16.3, it should be accurately
measured and subtracted in the following experiments [23].
The complexation constant of lanthanide impurities is also
very similar with the matrix which will be accurately mea-
sured by LA/MD-ICP-MS. In a word, considering the semi-
quantification results and complexation constant data, 27 non-
lanthanide elements including Ti, Zr, V, Cr, Fe, Co, Ni, Pd,
Cu, Zn, Cd, Hg, Al, In, T1, Mn, Pb, Bi, Th, Sc, Y, Ga, Pt, Sn,
Sb, Hf, and U and 14 lanthanide elements including La, Ce,
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu were
selected for accurate measurement and subtracted in subse-
quent mass balance calculation.

The 27 non-lanthanide cations were measured by external
calibration ICP-MS, and the results were shown in Table 3.
The total non-rare earth impurity concentrations of raw

lanthanide oxides were from 0.00101 to 0.00136 g g '. The
standard uncertainty of each impurity included standard devi-
ation of ICP-MS measurement, uncertainty of calibrant prep-
aration, and uncertainty from standard curve linearity. And the
total standard uncertainties of Dy, Ho, Er, Tm, and Sc were
calculated from the standard uncertainty of each impurity.

Optimization of LA/MD-ICP-MS conditions

LA-ICP-MS, sample introduction to ICP-MS with dry aero-
sols, can largely reduce the interferences from polyatomic ions
injected by solution. For example, the interference of '**DyH*
for '®*Ho, *°DyO™ for '?Yb, and '*®*ErH" for '®Tm could be
significantly reduced. Therefore, LA-ICP-MS is much more
suitable for lanthanide impurity analysis of lanthanide oxides.
However, because of the shortage of matrix-matched lantha-
nide oxide CRMs for LA-ICP-MS, accurate quantification of
impurities in lanthanide oxide is particularly challenging.
Membrane desolvator preserves the high sample transport ef-
ficiency of the ultrasonic nebulizer and greatly reduces solvent
loading into the ICP, thus alleviating solvent interferences. In
this study, since the rare earth impurities were very important
in mass balance subtraction, two approaches LA-ICP-MS and
MD-ICP-MS were employed for rare earth impurity measure-
ment. The rare earth impurity result by LA-ICP-MS was ob-
tained from signal normalization with sensitivity factor
correction.

To obtain satisfying results using LA-ICP-MS, a careful
optimization of the measurement parameters is required
(Table 1). Two crucial parameters, laser energy and scan
speed, were considered in this experiment. In the bulk analysis
by LA-ICP-MS, a higher laser energy can produce effective
ample ablation and decrease the transformation time from sol-
id particles to aerosols. In this work, the calculation of lantha-
nide impurities was deduced by total ion normalization, and
the signals of lanthanide matrix need to be acquired. However,
since the purity of lanthanide oxide sample is almost
99.9~99.99%, a much higher laser energy can make the sig-
nals of lanthanide matrix exceed the threshold of ICP-MS
detector. Because * Sc, 165Ho, and '®Tm are mono-isotope
elements that can generate much higher signals, the laser
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energy of Sc, Ho, and Tm oxides was optimized to be 70%
output and 100% output for Dy and Er. For an optimal com-
promise between signal sensitivity and stability, the scan
speed employed is also a critical parameter. The fast scan
speed may produce much more debris that deteriorate the
signal stability. In this experiment, considering the signal sen-
sitivity and precision, the scan speeds of 30, 40, and 50 pm s !
were investigated and 40 um s~ seems to be the most appro-
priate one.

In the LA-ICP-MS experiment, because there was no
matrix-matched lanthanide oxide CRMs, the lanthanide impu-
rities were quantified by total signal normalization method
with Egs. 1 and 2.

I

SF, = — x bx! (1)
I, SFy by

= = — ‘M 2

C, IMXSFxXbXXC (2)

where the indices x refer to the element of measured impurity,
and M refers to the element of lanthanide matrix. The param-
eter C refers to the concentration of impurity, SF refers to the
sensitivity factor of impurity element, / refers to the signal
intensity of element, and b refers to isotope abundance of
the measured element.

The results of SF of 14 lanthanide elements were shown in
Fig. 2. Figure 2 showed that the SF of La was the highest,
which was almost 3.6 times higher than that of the lowest Er.
On the other hand, no obvious differences of SF were ob-
served with the variation of impurity concentration.
Therefore, the average of SF with different concentrations
was used for impurity calculation in Egs. 1 and 2.

Table 4 LODs and LOQs of lanthanide impurities in lanthanide oxide
by LA/MD-ICP-MS (ng g )

LA-ICP-MS MD-ICP-MS
LOD LOQ LOD LOQ
La 15 48 3 11
Ce 6 19 13 41
Pr 3 10 1 33
Nd 1.8 56 5 18
Sm 1.4 45 0.9 3.0
Eu 1.4 46 0.9 3.1
Gd 1.3 4.0 1.0 33
Tb 25 8.1 1.8 5.6
Dy 29 95 21 64
Ho 90 280 9 30
Er 35 12 2.1 7.0
Tm 110 350 20 70
Yb 12 40 8 27
Lu 27 90 22 72

The limit of detection (LOD) and limit of quantification
(LOQ) of each lanthanide (in Table 4) were also investigated
to check if LA/MD-ICP-MS was sensitive enough to measure
the impurities with very low concentrations.

In Table 4, the LODs and LOQs of MD-ICP-MS were
slightly better than those of LA-ICP-MS because of en-
hanced analyte transport efficiency and reduced solvent
loading to plasma. Even so, the LODs and LOQs of both
the two techniques were within an order of magnitude,

Fig. 2 Sensitivity factor of 14 4.5 1
lanthanide impurities. The
calibrants in x-axis lanthanide 4 - ——La
were prepared by doping high- —=—-Ce
purity lanthanide oxides in boric 35 ~— — Pr
acid with different proportions. g il \
The SF of each element in y-axis ] O * Nd
. G
was calculated with Eq. 1 = 31 »=Sm
= —o—Gd
2; 25 —t=Tb
2 —Dy
E 2 Ho
o —o—Er
S —
T 15 1= , —m—=Tm
5 =
< “\"§// Yo
1 o . / Lu
- B Eu
0.5
0
0.005 0.010 0.020 0.030
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Table 5 Rare earth impurities in Dy,03, H0,03, Er,03, Tm,03, and Sc,03 (ng gﬁl)
Dy,03 Ho,0;3 Er,O4 Tm,O3 Sc,03
Value u Value u Value u Value U Value u
La 1098 549 141 70 822 411 942 471 585 293
Ce 134 67 57 28 107 53 308 154 24 12
Pr 38 19 73 37 93 46 31 16 8
Nd 54 27 96 48 78 39 125 63 12 6
Sm 69 34 33 17 39 19 98 49 22 11
Eu 30 15 7 4 36 18 21 10 11 5
Gd 99 49 26 13 43 21 65 33 174 87
Tb 370 185 11 6 18 9 209 104 24 12
Dy - - 57,000 28,500 75,021 37,510 235,056 117,528 15,594 7797
Ho 7963 3982 - - 700,926 350,463 258,975 129,488 204,727 102,364
Er 6289 3145 23,121 11,560 - - 1,170,103 585,051 232,397 116,198
Tm 39,126 19,563 271,244 135,622 27,278 13,639 - - 105,647 52,823
Yb 527 264 7094 3547 13,126 6563 4928 2464 38 19
Lu 933 466 2472 1236 3443 1722 799 400 19 9
*Sum  0.00005 0.00002 0.00036 0.00014 0.00082 0.00035 0.00167 0.00061 0.00056 0.00016

#*The total lanthanide impurity concentration, and the unitis g g '

which can be used for determination of lanthanide impu-
rities in high-purity lanthanide oxides.

Results of rare earth impurities by LA/MD-ICP-MS

In this work, two approaches were carried out to mea-
sure the 14 lanthanide impurities. The concentrations of
all lanthanide impurities were higher than the LOD and
LOQ of LA/MD-ICP-MS. Since the values from LA-
ICP-MS were equivalent to those of MD-ICP-MS within
the range of 50% of the average concentration, the av-
erage results of each impurity from the two methods
were used as the impurity concentration. The standard
uncertainty (u) of each impurity was evaluated to be

50% of the concentration [24]. Each rare earth impurity
and the total impurity concentrations of Dy,0O;, Ho,0s5,
Er,O3;, Tm,03, and Sc,0; were shown in Table 5.

Purity results of Dy,03, Ho,0s, Er,03, Tm,03, and Sc,03

The purity of lanthanide oxides was acquired by subtraction
non-lanthanide and lanthanide impurities from total metal cat-
ion titration results. A total of 42 impurities were considered,
and the purity results were shown in Table 6. From Table 6,
the concentrations of Dy, Ho, Er, Tm, and Sc in their oxide
raw materials were 0.86555+0.00098 g g~ ', 0.86429 +
0.00104 g g ', 0.87132 £0.00124 g g ', 0.86489 +
0.00160 g g ', and 0.64315+0.00090 g g ' (k=2.0).

Table 6 The purity of Dy, Ho, Er,

Tm,and Sc (g g ') Titration Lanthanide impurities Non-lanthanide impurities Purity
Dy Concentration 0.86696 0.00005 0.00136 0.86555
u 0.00049 0.00002 0.00005 0.00049
Ho Concentration 0.86610 0.00036 0.00145 0.86429
u 0.00050 0.00014 0.00007 0.00052
Er Concentration 0.87362 0.00082 0.00148 0.87132
u 0.00051 0.00035 0.00003 0.00062
Tms Concentration 0.86791 0.00167 0.00135 0.86489
u 0.00051 0.00061 0.00005 0.00080
Sc Concentration 0.64593 0.00056 0.00101 0.64436
u 0.00042 0.00016 0.00003 0.00045
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Fig. 3 Verification results of the 1050 4
candidate Dy, Ho, Er, Tm, and Sc 1040
CRMs. Two dots with the same i
colors represent the verified value 1030 |
and certified value of each
lanthanide CRM 1020 -
3 1010 |
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Results of value verification

ICP-MS has the advantages of high sensitivity and low back-
ground for rare earth measurement. Although the existence of
oxide and hydride can produce polyatomic interferences, the
signals of the matrix lanthanide element were much higher
than those of interferences from impurities. Therefore, the
values of candidate CRMs could be verified by ICP-MS with
the NIST SRMs as calibrants. The verification results of Dy,
Ho, Er, Tm, and Sc candidate CRMs were shown in Fig. 3 and
were in good agreement with the certified values.

Homogeneity and stability results of candidate Dy,
Ho, Er, Tm, and Sc CRMs

From the homogeneity test results (Table 7), no statistically
significant heterogeneity was found. One-way ANOVA
showed that the F' test values are from 0.85 to 1.62 (relative
standard deviation of 0.2-0.3%, respectively). All of them
were smaller than the F,;;..; value (2.42 at the 95% confi-
dence interval with 14 degrees of freedom). These results in-
dicate that the candidate lanthanide solution CRMs were ho-
mogeneous enough. The uncertainty of the sample inhomoge-
neity (upp) Was calculated using Eq. (3) [20] and listed in
Table 7, which were from 0.7 to 1.2 mg L.

Table 7 Homogeneity and stability uncertainties of candidate Dy, Ho,
Er, Tm, and Sc CRMs

F value upy, (%) ug (%)
Dy 1.62 0.12 0.15 No obvious differences
Ho 1.02 0.11 0.16 of stability tests
Er 0.85 0.12 0.17
Tm 0.94 0.07 0.15
Sc 1.16 0.09 0.16

@ Springer

Uph = (CVb—CVW)/Z (3)

where CVb and CVw refer to the within variance and between
variance of units that were derived from duplicate analysis of
the 28 samples.

The long-term stability of candidate CRMs was evaluated
for 24 months at room temperature. The stability was assessed
on the basis of Student’s 7 test, and the uncertainty of long-
term stability (us) is calculated using the following expression
[25]: us=s(b1) - t. Results of ug of the candidate CRMs are
shown in Table 7, which were between 1.5 and 1.7 mg L
The long-term stability would be further monitored at regular
intervals.

Certified values and uncertainty evaluation

After purity characterization, the solution CRMs were pre-
pared with gravimetric method. Uncertainties of the candidate
CRMs were calculated according to a modification GUM [25]
and the recommendations given in ISO Guide 35:2006, using
the equation:

U:kXUCRM

where U is the expanded uncertainty of concentration of can-
didate CRMs, & is the coverage factor, and ucgry is the com-
bined uncertainty. We used a coverage factor of 2, to provide a

Table 8 Certified values and expanded uncertainties of candidate
CRMs (ug g )

Dy Ho Er Tm Sc
Certified value (ug g ) 9833 9833 9833 9833 9833
U (%) 0.5 0.5 0.5 0.5 0.5

The density of the solution is 1.0018 g mL™'
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95% confidence interval. The combined uncertainty ucrm
was calculated as:

_ /|2 2
UCRM = [ Uy + Upyy + U3

where uyy, is the uncertainty associated with the between-
bottle inhomogeneity; u; is the uncertainty associated with
the instability; uc,, is the uncertainty associated with the
gravimetric process, which includes the uncertainty from pu-
rity characterization, weighing of lanthanide raw material and
solution, and density measurement. The certified values and
uncertainties of Dy, Ho, Er, Tm, and Sc are shown in Table &.

Conclusion

In this study, the development of Dy, Ho, Er, Tm, and Sc
solution CRMs was presented. The certified values of the
CRMs were given by gravimetric method after purity charac-
terization of raw lanthanide oxide material. Complexation ti-
tration, ICP-MS, and LA/MD-ICP-MS were used in the purity
characterization process. The CRMs were proven to be suffi-
ciently homogeneous and stable for all the elements. The
values of the CRMs were also verified by NIST lanthanide
SRMs and good agreements were obtained. The relative ex-
panded uncertainty of the candidate CRMs was estimated by
combining uncertainty contributions including sample prepa-
ration, between-bottle homogeneity, and stability, and found
to be 0.5%. These CRMs are primarily intended for use in the
measurement and calibration procedures of lanthanide analy-
sis in environmental and geological areas. Most importantly,
the purity characterization strategy of this study will provide a
new idea for the certification of high-purity and mono-element
solution reference materials.
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