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Abstract Rare earth element (REE) patterns in natural
water and geological samples provide information on pre-
vious changes in environmental conditions, such as redox
changes and material cycles; however, quantitative analysis
of REEs in these samples is complicated by the relatively
low contents of REEs in such samples as well as mass
interference from '>°Ba'®0 and *"Ba'®O in inductively
coupled plasma mass spectrometry (ICP-MS) analyses. In
this study, onsite solid-phase extraction and preconcentra-
tion methods for REEs using an iminobisacetic acid—
ethylenediaminetriacetic acid chelate resin (Nobias Chelate
PAI1, Hitachi High-Tech Fielding) were adopted for the
analyses. Standard reference materials (SPS-SW1 artificial
surface water) and natural ground water and spring water
samples were used to evaluate the methods. Using the
chelate resin, background levels of REEs were found to be
less than 0.3 ng L™ and recovery rates (REEs, 1 ng L™")
were 97.9-106.7% for the artificial surface water. Ba
contents were lower than the detection limit after extrac-
tion. Additionally, duplicate analyses were performed to
check the reproducibility of the onsite extraction. The REE
patterns in the natural water samples were in good agree-
ment with those obtained using a previous method (the
interference calibration method without solid-phase
extraction). Therefore, onsite solid-phase extraction using
the chelate resin was demonstrated to be a rapid and simple
preparation technique for REE analyses.
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Introduction

The distribution and behavior of rare earth elements
(REEs; i.e., lanthanoids and yttrium) and other chemical
elements in natural environments are indicative of the
current and previous chemical conditions and material
sources in those environments (Wood et al. 1997; Och et al.
2014). Geochemical conditions, such as redox potential
(oxic—anoxic conditions) and pH variations, play an
important role in the material cycles that occur in limno-
logical and geological environments. In addition, under-
standing geochemical conditions is crucial if we are to
appropriately and safely use areas deep underground, e.g.,
to tap geothermal energy, to capture and store carbon
dioxide (CCS), and to consider geological disposal
(Dobashi and Shikazono 2008; Yamamoto et al. 2013).
Past geochemical conditions have been estimated by
analyzing the iron (Fe), uranium (U), molybdenum (Mo),
and REEs in natural environmental samples (e.g., ground
water, sediments, rocks, and minerals; Iwatsuki et al. 2002;
Munemoto et al. 2014; Siebert et al. 2015). Because car-
bonates (calcite, aragonite, and dolomite) are common
minerals in the natural environment, geochemical proxies
in carbonates have been used to estimate environmental
changes and material cycles (Azmy et al. 2013). Relative
amounts of Fe in carbonate samples have been used to infer
past redox conditions, which can be calculated using a
theoretical model based on the distribution coefficient
between calcite deposits and dissolved ferrous ions (Arthur
et al. 2006; Mizuno and Iwatsuki 2006). However, this
theoretical model is limited to relatively low redox
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potentials and neutral pH conditions (JAEA 2015, 2016).
REE contents show zigzag patterns (even-atomic-number
elements are relatively dominant) based on the Oddo-
Harkins rule. Cerium (Ce) and europium (Eu) anomalies
are one of the most useful indicators of past redox condi-
tions (Drake and Tullborg 2009; Feng et al. 2013). Addi-
tionally, chemical characteristics of trivalent REEs
resemble those of artificial radioactive nuclides (trivalent
actinides); therefore, the behavior of these nuclides in
natural environments can be estimated using the REE
distribution.

To understand past environmental changes and material
cycles using REE patterns and other geochemical proxies
in mineral samples, it is necessary to determine the dis-
tribution of RREs and their behavior in the original solu-
tion (ground water in this case). REE preconcentration and
separation processes are required to analyze ground water
samples because of the extremely low concentrations (less
than ca. 0.1 ng L_l, Munemoto et al. 2015) of REEs in
such samples. Usefully, the recent development of induc-
tively coupled plasma mass spectrometry (ICP-MS) tech-
niques has enabled parts per trillion (ppt, 1 ng L™"' or
1 ngkg™") or sub-ppt-level REE measurements to be
performed for natural and artificial samples.

However, when performing high-sensitivity REE mea-
surements using ICP-MS, mass interference from barium
oxide (135Ba160 and 137B21160) needs to be cleared and
calibrated, particularly when carrying out small-amount
europium ("°'Eu and '"’Eu) quantification. To remove
these oxides during ICP-MS measurements, helium colli-
sion, a dynamic reaction cell with ammonia or methane
gas, or a cool plasma technique can be adopted for large
matrix samples (Ogawa et al. 2010; Fialho et al. 2011);
however, the application of these techniques results in
relatively low sensitivity for each target ion in the ICP-MS
measurements (~pg L™' or ~mg L™"). High-sensitivity
analyses of ng L™ levels are necessary for liquid-phase
samples in limnological and geological research. Thus,
REE extraction has been performed using organic solvents,
the iron co-precipitation method, an ion exchange resin,
and an iminobisacetic acid chelating resin (Kikawada et al.
2013; Bayon et al. 2015; Munemoto et al. 2015). However,
these techniques are unable to remove alkaline earth met-
als, which cause mass interference in ICP-MS
measurements.

A wide variety of preparation methods for REEs in
natural water have been reported (Fisher and Kara 2016).
Commercial iminobisacetic acid—ethylenediaminetriacetic
acid chelate resin has no affinity for alkali metals and
alkaline earth metals (Sakamoto et al. 2006; Yamamoto
et al. 2007), so this chelate resin was examined as a pos-
sible means for REE preconcentration and the elimination
of alkali metals and alkaline earth metals from groundwater
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samples. This chelate resin has previously been used to
preconcentrate micronutrients (Fe, Cu, Zn, Cd) in seawater
and salt water samples (Furusho et al. 2008; Tsuneto et al.
2009; Yamazaki et al. 2009; Zhu et al. 2010; Aosai et al.
2014); however, the application of this resin to REE
analyses of ground water samples has rarely been reported.
Natural ground water has various chemical components
and physical parameters, and REE contents in ground water
are extremely low (less than ca. 0.1 ng L™").

Additionally, onsite solid-phase extraction techniques
using a chelate resin could be rapid and simple because
water properties, such as redox potential, may be quickly
changed after sampling by oxidation (this may depend on
the sample; Iida et al. 2009; Sanada et al. 2013; Saitoh
et al. 2013). Such extraction techniques could also be used
to preconcentrate a large amount of ground water (more
than 1 L) at the sampling site. In particular, extraction in
this manner could be useful for ground water sampling in
deep and narrow caves. In the study reported in the present
paper, background, recovery, and reproducibility tests of
standard reference materials (artificial surface water) were
performed using a chelate resin in order to establish onsite
solid-phase extraction techniques. This study is the first to
evaluate onsite solid-phase extraction using an imino-
bisacetic acid—ethylenediaminetriacetic acid chelate resin
for ground water and spring water.

Materials and analytical methods
Chelate resin

An iminobisacetic acid—ethylenediaminetriacetic acid
chelate resin (Nobias Chelate PA1 syringe type, 45-90 pm
resin diameter, 250 mg, Hitachi High-Tech Fielding) was
used for solid-phase extraction in this study. Solid-phase
extraction by the chelate resin was performed according to
the steps shown the analytical flowchart in Fig. 1. First, the
chelate resin was cleaned and swelled with 10 mL ethanol
(soaked for 5 min) before being rinsed with 3 M HNO;
(10 mL, for analysis of poisonous metals, Wako Pure
Chemical Industries) and with ultrapure water (20 mL,
18.2 MQ cm, Milli-Q Integral 5 water purification system,
Merck Millipore). Then, 0.1 M ammonium acetate (10 mL,
JIS Special Grades, Wako Pure Chemical Industries) was
added to adjust the pH of the chelate resin for conditioning
before sample loading. Finally, samples (20 or 100 mL,
with pH adjusted to 5-6 using an ammonium acetate
solution) were loaded on the chelate resin.

Alkali metals and alkaline earth metals are not trapped
on the chelate resin, so they could be flushed from the
chelate resin using ultrapure water (10 mL) following
sample loading. REEs and other elements were recovered
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Fig. 1 Flowchart of the Cleanin
quantitative analysis of REEs i g o | Samples (Standards, Natural water) |
and other elements in artificial SMT-inI\(l)O( (1?n3|_) (100 or 20 mL,
- 3 pH =5-6
surface water (SW-1, Ultra pure water (20 mL) ) Ultra pure
Spectrapure Standards AS, water 3M HNO
100 mL) and natural water Conditioning (10 mL) (0-33mL) 3M HNO,
samples (20 or 100 mL) ) l l (3-6 mL)
obtained by solid-phase | 0.1M-Ammonium acetate (10 mL) v

extraction using the chelate
resin
(Flow rate: ~3 ml/min,
natural flow)

from the chelate using 3 M HNO;5 (3 mL). The REE con-
tents in residues obtained using an extra elution were also
checked (3 M HNO;, 3 mL, Fig. 1). The flow rate of the
eluent was ca. 3 mL/min (natural flow). The volume was
measured using a manual pipetting system (Finnpipette,
Thermo Fisher Scientific) calibrated to a 10 pg scale
electric balance. Each eluate (one for REE quantification
and one for residues; Fig. 1) was diluted to 10 mL using
ultrapure water and acid was added to a concentration of 5
v/v% HNOj; before instrumental analyses.

Instruments

Concentrations of REEs and other elements were measured
three times for each sample using an ICP-MS system
(7700x, Agilent Technologies) in the Toki Research
Institute of Isotope Geology and Geochronology, JAEA.
Flow rates of nebulizer gas, plasma gas, and auxiliary gas
(pure argon, 99.999%) were 1.02, 16, and 1.2 mL/min,
respectively, and the RF power for the ICP-MS was
1500 W (hot plasma conditions). Nickel skimmer and
sampling corns were used for the ICP-MS analyses. The
oxide interference (**°Ce'°0™/'*°Ce™) and doubly charged
atomic ion (Ce*™/Ce™) ratios were approximately 1%
under these conditions. REEs, alkali metals, alkaline earth
metals, heavy metals (Co, Cu, Mo, Cd, Th, U) and other
elements (V, Mn, As) were measured in the study
(Table 1). Scandium (Sc) could not be measured under
these conditions because of mass interference from mole-
cules such as ]3C]6016O, ]2C]6O]7O, and **Ca'H. Con-
centrations of the elements were calculated using
calibration standards (0.1, 0.2, 0.5, 1, 2, 5, 10, 50,
100 ng L' for mixed standard solutions: XSTC-1 and
XSTC-331, SPEX). The correlation coefficient values of
the calibration curves of the REEs were more than 0.99. An
internal standard of ''°In (SPEX) was used for quantifi-
cation by ICP-MS. The standard deviation of triplicate
ICP-MS measurements of the REEs in the mixed standard

>l| Chelate resin (Nobias Chelate-PA1F, 250 mg) |

! | REEs

Alkali metal Other Residues
. ’ | t
Alkaline earth metal \ Elements
ICP-MS

solution was within ca. 5% and 10% (£1c) at 10 and
1 ng L™, respectively.

Blank, recovery, and reproducibility tests

Blank tests of ultrapure water (n = 5) before and after
extraction by the chelate resin were performed. For the
REE recovery tests, standard reference materials with
1-100 and 0.1-10 ng L™" (Table 2) were measured using
ICP-MS (n =4, 100 mL, SPS-SW1 artificial surface
water, Spectrapure Standards AS). To evaluate the onsite
solid-phase extraction by the chelate, ground water samples
from a cave in Gifu (GJOla, GJO1b and GJ02; 35.7°N,
137.0°E, October 20, 2014) and spring water samples from
Yamanashi (MS05 and MS13; 35.9°N, 138.5°E, October
27, 2014) in the middle of Japan were analyzed by ICP-MS
before and after extraction. The GJOla and GJO1b ground
water samples were obtained from the same points for
reproducibility. The GJ02 samples were taken from another
point close to the GJO1 sampling point.

The chelate resin was cleaned and conditioned in the
laboratory before sampling. Natural water samples were
filtered (pore size 0.45 um, membrane filter, DISMIC
25CS045AN, ADVANTEC). For the solid-phase extraction
procedure, the sample volume was 20 mL (GJO1 and GJ02)
or 100 mL (MSO5 and MS13). The REEs and other ele-
ments were trapped by the chelate just after filtration at the
sampling sites, and the elution processes and measurements
were performed in the Toki Research Institute of Isotope
Geology and Geochronology. The pH values of the original
solution for GJO1, GJ02, MSO05, and MS13 were 7.60, 7.63,
6.26, and 6.73, respectively (measured using a portable pH
meter, D-54SE, Horiba). The samples were acidified using
concentrated HNO3 (for analysis of poisonous metals,
Wako Pure Chemical Industries) after filtration at the
sampling sites by the previously reported method for
comparison. The acidified samples were diluted and the
internal standard was added for quantification by ICP-MS.
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Table 1 Blank tests of ultrapure water before and after extraction using the chelate resin (Nobias Chelate PA1); ICP-MS was performed

Element Mass Ultrapure water After the extraction by chelate resin
n=>5 Ultrapure water, 100 mL
Average = 1o (cps) DL (cps) BEC (ng L™ 3 M HNOj; (mL) 1st 2nd 3rd 4th
(ng L™
\% 51 410 £ 19 468 <0.1 0-3 1.1 - - -
3-6 - - - -
Mn 55 7394 £ 198 7989 <0.1 0-3 24.4 8.4 13.7 10.4
3-6 - - - -
Co 59 322 +£ 30 412 0.7 0-3 1.2 22 1.1 32
3-6 - - - -
Cu 65 416 £ 13 455 <0.1 0-3 227 29.9 15.1 13.0
3-6 - - - -
As 75 46 £ 2 51 <0.1 0-3 - 0.5 - 0.4
3-6 - - - -
Rb 85 166 + 21 229 <0.1 0-3 - - 0.3 -
3-6 0.4 0.5 0.4 -
Sr 88 213 £ 19 271 <0.1 0-3 1.7 1.7 0.8 0.9
3-6 - 2.3 - -
Y 89 22+7 44 <0.1 0-3 0.3 - 0.5 -
3-6 - - - -
Mo 95 40+£7 60 <0.1 0-3 53 44 3.1 42
3-6 - - - -
Cd 111 8+4 18 0.2 0-3 0.4 - 0.6 -
3-6 - - - -
Cs 133 50+ 4 61 0.2 0-3 - - - -
3-6 - - - -
Ba 137 69 + 10 100 1.0 0-3 3.6 6.7 - 2.6
3-6 - - - -
La 139 22+ 8 47 <0.1 0-3 0.3 0.1 0.2 0.3
3-6 - - - -
Ce 140 59+9 86 <0.1 0-3 0.3 0.1 0.1 0.2
3-6 - - - -
Pr 141 12+4 22 <0.1 0-3 0.1 - - -
3-6 - - - 0.1
Nd 146 9+2 14 <0.1 0-3 - - 0.2 0.1
3-6 - - - -
Sm 147 8+4 21 0.2 0-3 0.2 - - -
3-6 - - - -
Eu 151 10+4 21 0.2 0-3 - - - -
3-6 - - - -
Gd 157 14+£2 21 0.2 0-3 - - 0.2 -
3-6 - - - -
Tb 159 11+4 23 <0.1 0-3 - - - -
3-6 - - - -
Dy 163 13+4 25 0.2 0-3 - - - -
3-6 - - - -
Ho 165 14 +£7 36 0.1 0-3 - - - -
3-6 - - - -
Er 166 14+£5 28 0.3 0-3 - - - -
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Table 1 continued
Element Mass Ultrapure water After the extraction by chelate resin
n=>5 Ultrapure water, 100 mL
Average £ 1o (cps) DL (cps) BEC (ng L™ 3 M HNOj; (mL) 1st 2nd 3rd 4th
(ng L7
3-6 - - - -
Tm 169 157 35 0.1 0-3 - - - -
3-6 - - - -
Yb 172 8+4 19 <0.1 0-3 - - - -
3-6 - - - -
Lu 175 13+6 30 <0.1 0-3 - - - -
3-6 - - - -
Th 232 26+ 6 43 <0.1 0-3 - - - -
3-6 0.6 - - -
U 238 24+ 9 52 0.1 0-3 0.1 - - -
3-6 - - - -

DL detection limit, BEC background equivalent concentration, — not detected

Mass interference in the REEs analyses was calibrated
using a barium sole standard solution (SPEX).

Results and discussion
Blank test

Average background counts of REEs in ultrapure water
before the extraction ranged from 5 to 59 counts per second
(cps), and the background equivalent concentrations
(BECs) ranged from <0.1 to 0.3 ngL™' in the study
(Table 1). The BEC values for Mo, Th, and U were less
than 0.1 ng L™'. The BEC values were sufficiently low to
allow the quantification of natural land water samples using
ICP-MS when compared with previously obtained values
(Sohrin et al. 2008; Ogawa et al. 2010; Watanabe et al.
2014). Relatively high background counts were observed
for elements with low atomic numbers (55Mn, 59Co, 63Cu,
and ®Cu); this was caused by mass interference from argon
molecules in the carrier gas and other sources in ICP-MS
(e.g., 40Ar]4N]H, 40Ar1801H’ 39Ar12C12C, 40Ar]2C]3C,
39Ar]2C]4N).

Results of the blank test of REEs and other elements in
ultrapure water (100 mL) after solid-phase extraction using
the chelate resin are listed in Table 1. Counts for most of
the REEs after extraction were lower than the detection
limit. On the other hand, relatively high background values
of lanthanum (La) and cerium (Ce) of up to 0.3 ng L!
were observed, and those of yttrium (Y) were 0.3-0.5 ng
Lfl; however, these background values had no effect on

the quantification results obtained by ICP-MS because the
natural abundances of Y, La, and Ce are higher than those
of other REEs in many cases. The background counts were
stable, and the detection limits and BEC values were suf-
ficiently low for REEs and other elements to permit
quantification by ICP-MS analysis in the study (Table 1).

Recovery test

Recovery rates of REEs in the artificial surface water (SPS-
SW1) by solid-phase extraction using the chelate resin
ranged from 97.9 to 106.7% and from 91.6 to 127.4% for 1
and 0.1 ng L™" REEs, respectively (Table 2). The REE
levels in the residues (3—-6 mL HNO;, Fig. 1) were lower
than the corresponding detection limits. These results
indicate that 3 mL of 3 M HNOj; was sufficient to achieve
complete REE recovery from the chelate resin. Coefficient
variations across the four analyses conducted for the ele-
ments in the 1 ng L' REEs solution were up to 4.7%; this
value is within the analytical uncertainty for ICP-MS (see
“Materials and analytical methods”). The -coefficient
variations of the elements in the 0.1 ng L™' REEs solution
were relatively large (from 1.9 to 14.9%) compared with
those for the 1 ng L~! solution; the uncertainties were all
within 10% except that for neodymium (Nd). These values
could be sufficient to consider geochemical studies using
REE patterns on a logarithmic scale (Wyndham et al. 2004;
Sandstrom et al. 2009; Bourdin et al. 2011; Maskenskaya
et al. 2015).

The recovery rates of Mo and U were also close to 100%
in the study (initial contents: 20 and 1 ng L™, respectively;
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Table 2 Recovery rates of REEs and other elements in the artificial surface water (SPS-SW1) after extraction by chelate resin

Element Mass 3 M HNOj3 (mL) After the extraction by chelate resin
Surface water, n = 4
(1-100 ng L™', 100 mL) (0.1-10 ng L™', 100 mL)
Initial (ng L™ Recovery (%) Initial (ng L™ Recovery (%)
v 51 0-3 20 753 £ 1.1 2 73.3 £ 6.6
3-6 6.9 + 0.6 -
Mn 55 0-3 20 109.2 £ 1.5 2 -
3-6 - -
Co 59 0-3 4 99.8 + 1.5 0.4 -
3-6 - -
Cu 65 0-3 40 100.1 £ 0.5 4 -
3-6 - -
As 75 0-3 20 36.6 £ 21.0 2 36.6 £ 21.2
3-6 - -
Rb 85 0-3 20 - 2 -
3-6 - -
Sr 88 0-3 100 - 10 -
3-6 - -
Y 89 0-3 1 102.0 £ 1.0 0.1 1109 £+ 3.9
3-6 - -
Mo 95 0-3 20 102.1 £ 1.3 2 -
3-6 - -
Cd 111 0-3 1 103.0 £ 5.1 0.1 1343 £ 17.7
3-6 - -
Cs 133 0-3 4 - 0.4 -
3-6 - -
Ba 137 0-3 100 - 10 -
3-6 - -
La 139 0-3 1 103.6 £ 1.3 0.1 127.4 £ 4.7
3-6 - -
Ce 140 0-3 1 1015+ 14 0.1 1248 £ 2.3
3-6 - -
Pr 141 0-3 1 103.6 £ 1.6 0.1 98.9 £+ 3.7
3-6 - -
Nd 146 0-3 1 100.7 + 1.8 0.1 107.5 £ 149
3-6 - -
Sm 147 0-3 1 106.7 £ 3.2 0.1 86.4 + 6.7
3-6 - -
Eu 151 0-3 1 101.3 £ 0.2 0.1 93.8 £ 5.1
3-6 - -
Gd 157 0-3 1 99.6 £ 4.7 0.1 89.6 £ 1.9
3-6 - -
Tb 159 0-3 1 99.2 £ 0.5 0.1 96.4 £+ 6.0
3-6 - -
Dy 163 0-3 1 102.4 £ 2.7 0.1 1295 £ 2.6
3-6 - -
Ho 165 0-3 1 100.9 £+ 0.6 0.1 82.3 + 6.0
3-6 - -
Er 166 0-3 1 979 £ 2.1 0.1 91.6 £ 10.0
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Table 2 continued

After the extraction by chelate resin

(0.1-10 ng L™', 100 mL)

Recovery (%) Initial (ng L™ Recovery (%)

101.1 £ 0.7 0.1 96.1 £ 54
IOI.9 + 0.8 0.1 116.5 + 4.2
;00.4 + 05 0.1 ;3.9 +53
;3.2 + 324 0.1 ;2.4 +62
;9.6 + 0.7 0.1 ;7.1 + 10

Element Mass 3 M HNOj; (mL)
Surface water, n = 4
(1-100 ng L™', 100 mL)
Initial (ng LY
3-6
Tm 169 0-3 1
3-6
Yb 172 0-3 1
3-6
Lu 175 0-3 1
3-6
Th 232 0-3 1
3-6
U 238 0-3 1
3-6

— Not detected

Table 2); however, the Mo recovery rate in the solution
with 2 ng L™" could not be observed because of relatively
high background values in the ICP-MS (Tables 1, 2).
Regarding the other elements (Mn, Co, Cu, and Cd), high
recovery rates of 99.8-109.2% on average were obtained in
this study. The recovery rate of As was relatively low and
unstable with uncertainties of up to ca. 20%; this could be
caused by low affinity for the chelate resin and high pH
sensitivity of the extraction by the chelate. Therefore, we
should exclude As as a target in this method because of its
low recovery rate. For the REEs, pH values in the range of
5-6 were reasonable, as demonstrated by the high recovery
rates seen in this study. High recovery rates with pH values
in the range 5-6 have also been observed by Sohrin et al.
(2008). Therefore, appropriate pH adjustment could be
necessary to extract target elements.

Contents of alkali and alkaline earth metals (Rb, Sr, Cs,
and Ba) were lower than the detection limits and were
removed adequately by extraction using the chelate resin.
Therefore, Ba oxide interference could not occur under
these conditions for the REE analyses; however, Ba con-
tents were 100 times higher than those of the REEs in the
original standard solution. These results indicate that the
chelate resin could be useful, particularly for preparation in
the analysis of REEs in large-matrix samples.

Onsite solid-phase extraction
The REEs in two ground water samples taken from same

point (GJOla and GJO1b) were extracted by the chelate
from the sampling site for reproducibility. The differences

GJo1

Ground water

4
HaGJota [OGJotb
3

Concentration (ng L")

0
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 2 Reproducibility of the REE levels in ground water (GJO1)
from Gifu, middle Japan, after onsite solid-phase extraction using
chelate resin

in REE concentrations between the two ground water
samples were within the analytical uncertainty of the ICP-
MS measurement (Fig. 2). The reproducibility of the
analysis of REEs at ng L™' and sub ng L™' levels was
confirmed for the natural ground water samples in the study
by onsite solid-phase extraction using the chelate resin.
The REE patterns in GJO1 (average values of GJOla and
GJO1b, same sampling point), GJ02, MS05, and MS13
after onsite solid-phase extraction using the chelate resin
were obtained, and those obtained by previous methods are
also shown for comparison in Figs. 3 and 4. For ground
water samples from the cave (GJO1 and GJ02), the REE
contents were approximately 0.1-5 ng L™', and typical
REE patterns were observed, with enrichment in lighter
REEs. Although some REE contents were lower than the
detection limits for the previous method (Figs. 3, 4), most
of the REE contents could be obtained by onsite solid-
phase extraction using the chelate resin; an exception was
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Fig. 3 REE concentrations in

a, b ground water from Gifu and 10 10
¢, d spring water samples from a GJo1 b GJ02
Yamanashi, middle Japan, as Ground water Ground water
obtained by onsite solid-phase
extraction using chelate resin ¢
(filled circles) and by the 1 1
previous method (open —_
diamonds; before chelate resin :|
extraction, see the “Materials o
and analytical methods” = 0.1 0.1
section) c " La Pr Sm Gd Dy Er Yb " La Pr Sm Gd Dy Er Yb
2 Ce Nd Eu Tb Ho Tm Lu Ce Nd Eu Tb Ho Tm Lu
®
= 10 1000 - . .
c @ onsite solid-phase extraction
8 & previous method
c 100
3 1
10
0.1
1
0.01 Spring water 0.1 Spring water
’ La Pr Sm Gd Dy Er Yb " La Pr Sm Gd Dy Er Yb
Ce Nd Eu Tb Ho Tm Lu Ce Nd Eu Tb Ho Tm Lu
Fig. 4 REE patterns in a, 10 109
b gro.und water from Gifu and c, a GJO01 b GJ02
d spring water samples from
Yamanashi, middle Japan, as 104 Ground water 104 Ground water
obtained by onsite solid-phase
extraction using chelate resin 105 10 &
(filled circles) and by the 3\'\@\0 o o
previous method (open
diamonds; before chelate resin Qo 106 106
extraction, see the “Materials %
and analytical methods” c 107 107
section) _8 La Pr Sm Gd Dy Er Yb La Pr Sm Gd Dy Er Yb
O Ce Nd Eu Tb Ho Tm Lu Ce Nd Eu Tb Ho Tm Lu
~~
%- 10° 10% it lid-ph tracti
@ onsite solid-phase extraction
& c qu5 [ & previous method ]
8 104 Spring water 103
10-° 10+
106 10%
d MS13
107 10 Spring water
La Pr Sm Gd Dy Er Yb La Pr Sm Gd Dy Er Yb
Ce Nd Eu Tb Ho Tm Lu Ce Nd Eu Tb Ho Tm Lu

samarium (Sm) in GJ02 (less than the detection limit).
Additionally, the order of the REE contents and the pat-
terns obtained by the chelate were similar to the data
obtained from the previous method (Figs. 3, 4). The use of
the chelate resin for REE preconcentration in the natural
samples facilitated the quantification of extremely low
amounts of REEs (less than 0.1 ng L™"), particularly for
heavy REEs such as Tm, Yb, and Lu.

@ Springer

The REE contents in the spring water samples (MS05
and MS13, Fig. 3c, d) varied widely, from 0.1 to 100 ng
L', Relative enrichment of heavy REEs were found in
MS05, and high REE contents of up to 106 ng L™ were
observed in MS13. The REE pattern in MS13 as deter-
mined by the extraction was also in good agreement with
that obtained using the previous method (Fig. 4d). The
chelate resin was available for samples with a wide range
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of REE contents. Additionally, the negative anomaly trend
for Eu was also observed in the MS13 spring water samples
before and after extraction by the chelate; this possibly
indicates redox conditions and/or material sources in the
environment. Therefore, onsite solid-phase extraction using
the chelate resin is a useful preparation method for quan-
tification by ICP-MS.

Concentrations of Ba ranged from ca. 6,800 to 31,900 ng
L~ " in the original water samples before the extraction in the
study. After the extraction, the levels of alkali and alkaline
earth metals were decreased by the chelate resin to ca. 20 ng
L~ in the ground water samples. Thus, Ba interference in the
REE analyses was sufficiently reduced by the chelate resin
extraction from the natural samples. Although Ba mass
interference calibration was employed for quantification in
previous methods, the uncertainty in the Ba count (ug-mg
L~ level) obtained by ICP-MS could affect the calibrated
values of small amounts of Eu (sub ng Lt level). Therefore,
compared with the previous method, quantification without
mass-interference calibration by the Ba elimination tech-
nique using the chelate resin could be a better and easier
method of obtaining a high-precision data set. Because the
sample volume of ground water is usually limited, the
elimination of alkali and alkaline earth metals is a more
valuable technique than preconcentration in this case. These
results indicate that onsite solid-phase extraction using a
chelate could be a stable, unique, and useful technique for
preparation REE for ICP-MS analysis.

Conclusions

The onsite solid-phase extraction of REEs using an imi-
nobisacetic acid—ethylenediaminetriacetic acid chelate
resin for natural land water samples was established as
follows:

1. A blank test of REEs after extraction by the chelate
indicated that background REE levels were sufficiently
low (<0.1-0.3 ng L") to permit ICP-MS analyses

2. Recovery rates of REEs by the chelate were more than
97.9 £ 2.1 and 86.4 £ 6.7% in the artificial surface
water samples (SW-1) with initial REE contents of 1
and 0.1 ng L™, respectively

3. The interfering element (Ba) was completely removed
by the chelate (Ba contents were less than the detection
limit in SW-1) for the REE analyses by ICP-MS

4. The reproducibility of the REE measurements was
demonstrated by performing duplicate analyses of
ground water samples

5. Typical REE patterns were observed for ground and
spring water samples upon performing onsite solid-
phase extraction using the chelate resin.

Therefore, this could potentially be a standard method
for REE analyses in natural land water samples.
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