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Abstract

Isotope ratio measurements for four natural dysprosium samples were performed by multiple collection inductively couple
plasma mass spectrometry (MC-ICP-MS). Instrumental mass discrimination was corrected by internal normalization using t
ratio1®1Dy /163Dy = 0.75872, derived from recently published thermalionization mass spectrometry (TIMS) measurements ir
dysprosium with isotopic calibrated composition. This ratio was chosen because of absence of isobaric interference at 161 :
163 mass numbers. The exponential correction equation was applied. The corrected ratios, recalculated for comparison, relz
to 162Dy are: 164Dy /162Dy = 1.10915117), 163Dy /162Dy = 0.9770886), 161Dy /192Dy = 0.7413384), 160Dy /162Dy =
0.0913778), 198Dy /162Dy = 0.003686837) and1°6Dy /162Dy = 0.002095474). The precision measurement shown in
brackets is two standard deviations calculated from 90 measurements. The mean values are in very good agreement with
absolute values obtained by TIMS. The precision is by at least one order of magnitude better comparing to TIMS measur
precision. The calculated atomic weight of dysprosium, based on the mass spectrometric analytical error only is 162.4997(
in very good agreement with recently published TIMS value of 162.4995(8). The overall limit of error for the TIMS value is
17 x 10~%. (Int J Mass Spectrom 216 (2002) 177-184) © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Recently, the absolute isotopic composition and the

atomic weight of dysprosium were determined using

Dysprosium is a rare-earth element comprising
seven isotopes in the 156-164 mass range. 79y
and 1°8Dy isotopes are the minor ones with abun-
dance below 0.1%%°Dy has an abundance of 2.3%
and161Dy-164Dy between 19 and 28%. The element
has a relatively low ionization potential of 5.93 eV,
therefore it is easily analyzed by thermal ionization
mass spectrometry (TIMS). The TIMS isotope ratio

measurements till 1996 were reviewed by Platzner [1].

* Corresponding author. E-mail: platzner@zahav.net.il

gravimetric synthetic mixtures prepared from highly
enriched12Dy and 16Dy isotopic samples [2]. In
TIMS, the sample purity is of utmost importance as
the most abundanfGd and!®8Gd interfere with the
minor Dy isotopes, and the mindf2Er and 164Er
isotopes are isobaric with the majB’Dy and16“Dy
isotopes. The highest gadolinium impurity level in one
of the samples, determined by two different ICP-MS
techniques, was 35-44 ppm. No erbium was found
in all our dysprosium samples. The non-interfering
mono-isotopicl>°Th isotope was observed in some

1387-3806/02/$ — see front matter © 2002 Elsevier Science B.V. All rights reserved.
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of the samples at a level af60 ppm. TIMS and also
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of impurities, rather than to natural fractionation of

multiple collection inductively coupled plasma mass the lighter isotopes.

spectrometry (MC-ICP-MS) isotope ratio measure-
ments may further be obscured by isobaric CeO

and rare-earth oxide ions, namely the corresponding 2, Experimental

NdOt and SmJ ions. When an ICP ion source

is applied, the oxide formation can be significantly 2.1. The mass spectrometers

reduced by replacing the more frequently used Mein-
hard nebulizer by the desolvating microconcentric
Aridus type nebulizer. Two further types of interfer-
ences should be kept in mind when ICP ionization is
applied, namely argide (MAT), (M = Cd, Sn, Sb, Te)
and hydride (DyH) ions. The eventual formation of
interference ions with any nebulizer type must be ex-
perimentally verified and quantified, as will be shown
further on. An important advantage of ICP-MS over
TIMS is the possibility to correct ionic interferences
by direct subtraction of their intensity as has been
demonstrated previously [3,4]. A further advantage of
MC-ICP-MS is the simultaneous ion beam collection
which effectively eliminates the effects of plasma
fluctuations, plasma and instrumental drifts on the
measured isotopic ratios. In a single collector ICP in-
strument, where consecutive ion beam measurement is
applied, the plasma fluctuations increase the measure-
ment uncertainty. This effect is expected to increase

(1) The multiple collector ICP mass spectrometeris a
double-focusing instrument of Nier—Johnson ge-
ometry made by Nu Instruments, UK. The unique
feature of this machine is the use of a fixed
multiple-collector array. The ion beams are tar-
geted to the chosen collectors by the use of a
variable dispersion ion-optical arrangement. The
resolving power of the instrument is about 300.
At optimized conditions, the ion peak has a trape-
zoid shape with a width of 0.3 and 0.48 at
the top and 10% height, respectively. The Aridus
microconcentric nebulizer (CETAC, USA) was
used. Further details were described elsewhere
[3]. Instrumental operating conditions were as
given in Table 1.

as the duration of a measurement cycle is larger, (i.e., Table 1

the number of isotopes in the sample is larger). The Operating conditions used for MC-ICP-MS

plasma and instrumental drifts may heavily affect both RF power
the measurement uncertainty and the data accuracy. 2: ;33:::;%}/9;;;'3&":;6

The MC-ICP-MS technique is successfully applied 5 nepuiizer gas flow rate
in this work. The possibility to measure isotope ratios Interface cones
in selected rare-earth elements (Nd, Sm) with high Acceleration voltage

isi d high accuracy has been demonstrated'on'Iens sefting

p_reC|S|on an 9 o y Mass resolution
since the early applications of the MC-ICP-MS sys- Mass analyzer pressure
tem [5]. The aim of this work is to verify the capability =~ Detection system
of the MC-ICP-MS system to measure high precision
and high accuracy dysprosium isotope ratios. Reduc-

ing the measurement uncertainty of an isotope ratio Ar sweep gas flow rate

Nebulizer

measurement increases the option of revealing smallerSPray chamber temperature

d leri ff f | il Desolvator temperature
and smaller 1sotope effects of natural processes. Itwi Sample flow rate

be shown that the improved precision allowed to dis- Typical 183Dy sensitivity
tinguish between differences in ratio values of the dys- Sampling mode

. . . N No. of runs/sample
prosium minor isotopes, attributing them to presence

1300W

13 L/min
~1L/min (optimized daily)
~0.6 L/min (optimized daily)

Nickel

4kV

Optimized for maximum intensity
~300
<2 x 10~ mbar

12 Faraday cups and three
electron multipliers
Aridus microconcentric, CETAC
Technologies, NE, USA
~3.5L/min (optimized daily)
KO

16C

0.08 mL/min

9V/(mg/L)

1 rue= 3 blocks of 10x 10s
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(2) The Elan 6000 (Perkin-Elmer, Canada) quadru-
pole-based ICP-MS equipped with an ion count-

ing system and the Meinhard nebulizer was used

for impurity detection in the Dy samples. The
sensitivity of this instrument was 27,000 cps
for the 1°®Dy isotope (0.056%) in a 1mg/L
Dy solution with an instrumental blank of
10-20cps.

2.2. Materials

Four dysprosium samples from the following
sources were used for isotopic analysis: (1) Aldrich,
USA, (atomic absorption standard); (2) Merck,
Darmstadt, Germany, D{Ps; (3) Johnson Matthey
Chemicals, UK, DyOs; (4) “Unknown”, this sam-
ple is a solution of analytical D¥D3 which lost
its manufacturer’s label, most probably BDH, UK.

Samples 1-3 were prepared by dissolving dyspro-

sium oxide equivalent to 100mg Dy in 10mL 0.1 N
ultra pure nitric acid, and finally adjusted to 0.5 mg/L
Dy. Commercial samples 1-3 were used to allow

ICP-MS. The extent of oxide formation was de-
termined in pure Ce, Nd and Sm solutions with
the MC-ICP-MS.

(3) Argides. Argide molecular ions (MAT) of cad-
mium, tin, antimony and tellurium are also
isobaric with dysprosium isotopes. The sample
solutions were tested for traces of these ele-
ments (Elan 6000) and solutions of the pure el-
ements studied with the MC-ICP-MS for argide
formation.

(4) Gadolinium. The concentration of this element
was determined by direct measurement of the
m/z = 155 ion intensity relatively td>®Dy us-
ing the Elan 6000. At this mass only the°Gd
isotope exists. The relevant interfering ions are
summarized in Table 2.

2.4. Analytical procedures
The sample solutions were introduced into the

plasma via the Aridus microconcentric nebulizer. A
final ratio result comprises the acquisition of 3 data

future comparison isotope ratio measurements of runs, each of 3 blocks of 10 ratio measurements, i.e.,

pure, well-defined materials by other laboratories.

90 ratios are accumulated. The total time for 1 run

Sample 4 was incorporated in this study because of is ~9 min, which include the ion intensity and zero

the availability of a pure Dy material. The element

measurements and the duration of peak centering

concentration has also been adjusted to 0.5mg/L in between each block. Therefore, the element con-

0.1 N HNGs. Geological samples were not used to

sumption per sample is’1.1p.g. Between each run

avoid the time consuming chemical separation and the nebulizer is washed with pure 0.1 N nitric acid

purification, which was not the aim of the present
work.

2.3. Interference measurements

(1) Hydrides. The DyH" ion intensity was esti-
mated by measuring hydride formation in a
pure lanthanum, cerium free solution using the
MC-ICP-MS. This element has two isotopes
138 3 and'3°La with relative abundance of 0.09
and 99.9%, respectively.

(2) Oxides. The oxides of cerium, neodymium and
samarium are isobaric with dysprosium iso-

solution The mean ratio values quoted in Section 3 is
the mean of the means of 3 runs and the uncertainty
is +20.

Seven out of 12 Faraday collectors were used in this
work, in the simultaneous data collection mode of op-
eration. Isotopé®Dy was adjusted to the “axial” col-
lector, 161Dy, 162Dy, 163Dy and 164Dy to the high-1,
high-2, high-3 and high-4 collectors, respectively, and
158Dy and 156Dy to the low-2 and low-3 collectors,
respectively. Two mass units dispersion (low-2 and
low-3 collectors) is because of an ion count collec-
tor placed between them. The zero measurements are
made at half masses from 163.5 on high-4 to 155.5

topes. Traces of these elements in the sample on low-3 collectors by deflecting the electrostatic an-

solutions were determined with the Elan 6000

alyzer potential.
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Table 2

Interferences to dysprosium isotopes from isobaric rare-earth elements, hydrides, oxides and argides

Mass number

156 158 160 161 162 163 164
Dysprosium atoms
Dy (0.06} Dy (0.10) Dy (2.34) Dy (18.9) Dy (25.5) Dy (24.9) Dy (28.2)
Possible atomic interferences
Gd (20.5) Gd (24.8) Gd (21.9) Er (0.14) Er (1.61)
Possible molecular interferences
Hydrides
DyH DyH DyH DyH
Oxides
CeO CeO
NdO NdO NdO NdO NdO
SmO SmO SmO
Argides
CdAr
SnAr SnAr SnAr SnAr SnAr
SbAr SbAr
TeAr TeAr TeAr TeAr

aNatural atom abundance (%).

3. Results and discussion
3.1. Sample purity and spectral interference

3.1.1. Hydrides

In a cerium free (nd*?Ce of 11.1% abundance was

detected) lanthanum solutiod®®LaH* /*¥Lat =
5.8 x 1076 was observed. This value is the up
limit of LaH™ formation because traces of the m

per
ore

abundant*°Ce (88.5%) would contribute to the ion
current atm/z = 140. The direct hydride determi-

nation using the abundad$‘Dy (28.2%) isotope i
a dubious alternative, because #féDyH* /164Dy +

S

ratio may be affected by trace amounts of the mono
isotopic 1°Ho. The same consideration applies to
the 185HoH* /165Hot ratio, thel®®HoH™ hydride is

isobaric with the most abundant (33.4%FEr iso-
tope. In a recent measurement of uranium hyd
235YH* /235y + ~ 2 x 107 has been observed [6].

ride,
It

should be noted th&8°UHT /23%U+ ~ 5 x 10~ was

observed in natural uranium, (essentially freé3t
isotope) when a MC-ICP-MS with a Meinhard ne

bu-

chosen because absolutely pure rare-earth element
samples are extremely exceptional.

3.1.2. Oxides

Traces of cerium, neodymium and samarium had
been detected in the Aldrich sample at the following
levels: C¢Dy = 9 x 107>, Nd/Dy = 3 x 10~° and
Sm/Dy = 2 x 1072, In the JMC sample the trace lev-
elswere<1x 107>, <1x 10 °and<1x 107, respec-
tively. The Ced/Ce", NdO™/Nd* and SmG/Sm*
ratios measured with the MC-ICP-MS and Aridus
nebulizer were<1 x 1074, 2 x 10~% and 2x 1074,
respectively. Only**9Ce (88.5%) and“*2Ce (11.1%)
oxides are isobaric with the two mindP®Dy and
158Dy isotopes. A<1mV 140Ce ion current was
observed in the Aldrich sample. Therefore, the
CeO" ion current will contribute to thé®®Dy ion
current 5mV) <10~4mV, which will affect the
156py /162Dy ratio (Table 5, line 1) by<10-4/2350
or <40 x 1077, (62py = 2350 mV). This contribu-
tion is within the 20 measurement uncertainty of
156py /162Dy = 0.002124%55), and therefore may

lizer was used [7]. Cerium free lanthanum has been be neglected. All the other isobaric oxides described
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above will affect the measured Dy isotope ratios by Gd blank subtracted ion count yielded 350 cps and at

<4 x 107 and therefore are negligible.

3.1.3. Argides

m/z = 156 the Dy ion count was 30,000 cps. Account-
ing for the isotopic abundance of each isotope, the Gd
elemental impurity was calculated as &Y = 44 x

Tin and antimony traces were observed only in 1075, In the JMC sample at the same conditions, the

Aldrich sample. A 20Gwg/L tin sample yielded a

700mV 12050 (32.8%) ion intensity and 300 cps
1205f0Ar intensity. The conversion factor for the

MC-ICP-MS is 1000 mV= 62 x 10°cps, therefore
tin argide formation is at a level of SnAySnt =
7 x 105, The 129Sn ion intensity in the 0.5mg/L
Dy Aldrich solution was~1 mV, which contributes
7 x 10°°mV atm/z = 160. The measuretf°Dy ion
intensity was 210 mV, therefor&SrOAr /160Dy ~
7 x 10°6/210= 3.3 x 10~8, and thus argide contri-

155Gd blank subtracted ion count yielded 20 cps (twice
the blank count), corresponding to Gd/Dyl.2 x
107,

3.2. Dysprosium isotope ratio measurements

The measured data were normalized 3Dy,
163py = 0.75872 calculated from the isotopic abun-
dance values of Chang et al. [2] and applying the
exponential correction equation [3,8]. The corrected

bution at this mass can be neglected. The most pro- values are presented for comparison reasons relatively

nounced effect of SnAr will be atvVz = 156 where
relatively to mass 160 the expectétfSn (14.4%)
ion intensity would be~0.44mV and thel>®Dy
ion intensity 5.2 mV. Therefore;!6Sr*0Ar /156Dy ~
0.44 x 7 x 107%/5.2 = 6 x 10~". Using similar cal-
culation, it may be concluded that th&Dy (25.5%)
ion intensity is not affected by??Srf*CAr, therefore
the estimated contribution df-®Srf*°Ar to the ratio
156py /162Dy — 0.0021245%55) given in Table 5, line
1, may be estimated as»610~7 well within the ex-
perimental error. The observed SHABL" ratio was
about the same as SrSN™ but the Sh/Sn ratio in
the Aldrich sample is~10-2, excluding any possible
SbAr interference atvz = 161 and 163.

3.1.4. Gadolinium

to 192Dy as in [2]. We assume that the ion current
observed at mass no 162 corresponds tolfifBy
isotope only. Erbium has a minor interfering isotope
at mass no 162 (0.14%). The major isotope8eEr
(33.6%), no measurable ion intensity was observed at
this mass number in all the studied samples.

In Table 3 the mass discrimination corrected isotope
ratios in JMC dysprosium are given. The given mean
value is the mean of the 3 runs. The quoted precision
+20 represent measurement uncertainties. This set of
data was chosen because it represents our purest (with-
out isobaric interference) isotopic dysprosium sample.

The uncertainty of the mass spectrometric measure-
ment presented in this work reveals at least one order
of magnitude improved precision for the isotope ratio
values as compared to the TIMS data given by Chang

Traces of this element were detected in the Aldrich et al. [2]. This is shown in Table 4 for the Aldrich

sample. In a 1mg/L Dy solution atVz = 155 a

Table 3

commercial sample, as this is the only common one

Mass discrimination corrected isotope ratios in Johnson Matthey Chemicals dysprosium (uncetZinf:

Isotope ratio

164/162 163/162 161/162 160/162 158/162 156/162
Run 1 1.109148(22) 0.977090(12) 0.741337(9) 0.091373(3) 0.0036886(22) 0.0020978(21)
Run 2 1.109163(19) 0.977090(12) 0.741338(9) 0.091381(4) 0.0036870(18) 0.0020911(31)
Run 3 1.109143(21) 0.977085(9) 0.741334(7) 0.091376(3) 0.0036849(28) 0.0020972(23)
Mean 1.109151(17) 0.977088(6) 0.741336(4) 0.091377(8) 0.0036868(37) 0.0020954(74)

a(161py/163py) = 0.75872 was used for fractionation correction [2].
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Table 4
Uncertainty comparison (precision given#£8c) of MC-ICP-MS and TIMS measured isotope ratios for dysprosium in Aldrich commercial
sample

Isotope ratio

164/162 163/162 161/162 160/162 158/162 156/162
Chang et al. [4 1.10997(140) 0.97749(60) 0.74121(54) 0.091350(138) 0.003739(44) 0.002224(48)
This worl® 1.10915(2) 0.97712(1) 0.74136(1) 0.091406(5) 0.003725(6) 0.002125(6)

@Measured by TIMS, calculated from [2] Table 8, sample 3.
bMeasured by MC-ICP-MS, taken from Table 5.

among the five samples studied by Chang et al. and sity of Gd = 0.086/0.248 = 0.35mV. In the same

the four studied in this work. For clarity reason, the
TIMS data were corrected for mass fractionation, us-
ing the correction factors given in [2].

Table 5 summarizes the mass discrimination cor-
rected isotope ratios studied in this work. Inspecting

way, the total ion intensity of Dy= 2350/0.255 =
9216 mV, (the'®?Dy isotope abundance is25.5%).
Finally, Gd/Dy = 0.35/9216 = 38 x 1076, i.e., ~
20 x 10?9 Gd/g in the 06 x 10-° g Dy/g solution,
used in these measurements. When applying the same

this table reveals excellent agreement in between thecalculation for thel®%Dy/162Dy and 169Dy /162Dy

samples regarding thé%Dy /162Dy, 163Dy /162Dy
and 161Dy/162Dy ratios. The 1%8Dy/162Dy and
156py /162Dy ratios show a 1.0 and 1.4% differ-
ence between the lowest (JMC) and the highest
(Aldrich) values, respectively. Assuming that these
ratio increments are due to gadolinium impurities,

ratios we obtain Gy = 37 x 10 and 34x 1076,
respectively, which is in good agreement with the
value derived from the*®Dy /162Dy ratio. Taking

in account the Gd determination with the Elan 6000
ICP-MS quadrupole, the Gd/Dy ratio in the Aldrich
sample is in the range of (35-%4 1076. It should

158Gd (most abundant-24.8% isotope) and%Gd
(third abundant,—20.5% isotope). In calculating
the possibility of Gd impurity we assume equal
ICP ionization efficiency of Gd and Dy. The differ-
ence in the two®®Dy /162Dy ratios is attributed to
158Gd/162Dy — 3.68 x 107°. The measured®Dy
ion intensity is 2350mV, therefore the ion inten-
sity of 158Gd = 0.086 mV and the total ion inten-

be noted that the Dy sample #5 studied by Chang
et al. also contained about 20 ppm Gd. This is clearly
seen on the enhancéd@®Dy/162Dy ratio. We may
therefore conclude that the corrected isotope ratios
for the JIMC sample are the true or at least the clos-
est to true ratios, provided the normalization factor
161py /163Dy — 0.75872 used in this work is the true
value of this ratio.

Table 5
Mass discrimination corrected isotope ratios for dysprosium in various commercial sdmples

Isotope ratio

164/162 163/162 161/162 160/162 158/162 156/162
Aldrich? 1.109152(23) 0.977119(14) 0.741360(11) 0.091406(5) 0.0037246(60) 0.0021245(55)
Merck 1.109154(16) 0.977079(16) 0.741329(11) 0.091382(4) 0.0036967(32) 0.0021024(15)
JMC 1.109151(17) 0.977088(6) 0.741336(4) 0.091377(8) 0.0036868(37) 0.0020954(74)
Unknown 1.109133(34) 0.977086(24) 0.741337(24) 0.091339(8) 0.0037133(41) 0.0021169(54)
Mearf 1.109148(21) 0.977093(35) 0.741341(27) 0.091376(55) 0.0037054(330) 0.0021098(272)

a(161py /163py) = 0.75872 was used for fractionation correction [2].
bEach ratio value in lines 1-4 represents the mean of 3 runs of 30 measurements.
°The mean ratios are mean ratio values for the four different samples.
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Table 6
Isotope abundance in dysprosium (at.%) (uncertaisie)
164py 163py, 162Dy 161py 160py 158Dy 156Dy
Chang et al. [2] 28.260(36) 24.896(28) 25.475(24) 18.889(28) 2.329(12) 0.095(2) 0.056(2)
This work (JMC) 28.2596(6) 24.8954(4) 25.4791(6) 18.8887(3) 2.3288(1) 0.0946(2) 0.0539(2)
Table 7
Atomic weight values of dysprosium by various authors (uncertaiti®)
Year Atomic weight Author Method References
1949 162.499(3) Inghram et al. TIMS [9]
1950 162.50(1) Leland TIMS [10]
1957 162.495(4) Collins et al. TIMS [11]
1966 162.492(7) Komori et al. TIMS [12]
1981 162.498(2) Hollinger and Devillers TIMS [13]
1996 162.500(2) Chang and Gao TIMS [14]
2001 162.4995(17) Chang et®al. TIMS [2]
2001 162.4995(8) Chang et al. TIMS [2]
2002 162.4997(%) This world MC-ICP-MS

a(151gy/158Ey) = 0.995717) was used for bias correction.

bThe mass spectrometer was calibrated with highly enridiédy and 164Dy isotopes.
CAnalytical measurement uncertainty-Zo) only.

d(161py/163py) = 0.75872 was used for fractionation correction [2].

3.3. Atomic weight of dysprosium MC-ICP-MS technique. The data are in very good
agreement with recently published TIMS study, re-

Several isotope ratio measurements of dysprosium vealing an at least one order of magnitude better
were reported in literature [2,9-14]. From Table 5 and measurement precision. Further advantages of the
the above mentioned discussion, it may be assumedMC-ICP-MS technique are time saving and simplic-
that the JIMC sample has the closest isotopic composi- ity of sample preparation and shorter data acquisition
tion to the true value, thus we used the results given in periods. Five samples were studied by Chang et al.
Table 3 for the isotope abundance and atomic weight [2] and four in this work, all of commercial origin.
calculations. The calculated isotope abundance from One of them in each study was from the same man-
the present work compared to Chang et al. [2] is shown ufacturer, (Aldrich). No natural isotopic variations
in Table 6 and a summary of atomic weights of Dy is could be detected in these samples. We attributed the
given in Table 7. It should be noted that our uncertain- increase in the isotope ratios of minor dysprosium
ties in Table 6 represent only the MC-ICP-MS mea- isotopes in the Aldrich sample to the presence of trace
surement precision, whereas the TIMS data shown for gadolinium isobaric interferences. The data agreement
comparison represent the overall limit of error. The between the JMC and Merck samples is very good.
mass spectrometric measurement uncertainty in the We recommend considering one of these materials as
TIMS study accounts for about half of the reported a candidate for isotopic reference material, preferably
overall limit of error. the JMC, because of its slightly higher purity.
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