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Rare earth elements in coastal seawater were preconcentrated by using chelating resin in a batch method
and determined simultaneously by inductively coupled plasma mass spectrometry (ICP-MS). In this proce-
dure, matrix components (Na, K, Mg, and Ca) were eliminated to reduce matrix effects in ICP-MS analysis
and rare earth elements were concentrated by a concentration factor of 100. The pH dependence of the
recovery, resin amounts, amount of ammonium acetate for washing, and elution of adsorbed metals with
nitric acid were examined in details to optimize the experimental conditions in sample pretreatment. All rare
earth elements in coastal seawater were determined at the ppt or sub-ppt level successfully by the present

analytical method.

Rare earth elements (REEs) are a kind of key trace
elements in earth sciences and their composition in mag-
matic rocks has been widely and routinely used in the
study of geochemistry and evolution of the Earth.'—%
REEs are also important for the study on geochemi-
cal processes in marine environment. The concentra-
tions of REEs in seawater, in general, are extremely
low, and hence the geochemical study of REEs in sea-
water has been restricted by analytical difficulties so far.
The determination of REEs in seawater has been carried
out mainly by neutron activation analysis (NAA)>® or
isotope dilution-thermal ionization mass spectrometry
(ID-TIMS).7 10

Recently, inductively coupled plasma mass spectrom-
etry (ICP-MS) is often used for the determination of
REEs because of its high sensitivity, high selectivity,
and high sample throughput.'¥) The direct determina-
tion of REEs in seawater by ICP-MS, however, is still
difficult because of high concentrations of salts and low
concentrations of REEs. The concentrations of REEs
in seawater are at the low ppt (pgml™!) or sub-ppt
level, which are close to or below the lower limit of de-
termination obtained by ICP-MS. Besides the low con-
centrations of REEs, the salts in seawater at the high
concentration level make it difficult to introduce seawa-
ter sample directly into the plasma, because matrix or
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memory effects cause serious problems in the ICP-MS
measurements. As the result, preconcentration of REEs
and elimination of salts are inevitably required for ac-

- curate and precise determination of REEs in seawater.

As preconcentration techniques for REEs in seawa-
ter, coprecipitation with iron hydroxide has been most
often utilized prior to the measurement by NAA,% ID-
TIMS, 9 or inductively coupled plasma atomic emis-
sion spectrometry (ICP-AES).'? Also a chelating resin
of Chelex® 100 was used for such purpose.® Chelex®
100 has been proved to be very effective and convenient
for multielement preconcentration of trace elements in
seawater by ICP-AES,*3—% although precaution is re-
quired for elimination of magnesium and calcium from
the resin because of their affinities with Chelex® 100
resin.'® Recently the determination of REEs in seawa-
ter was performed by ICP-MS after solvent extraction
with bis(2-ethylhexyl) hydrogen phosphate (HDEHP)
and 2-ethylhexyl dihydrogen phosphate (H;MEHP),'"
coprecipitation with iron hydroxide,'®'®) and adsorp-
tion on Cig-bonded silica gel.?”) However, it appears
that these methods have some limitation and inconve-
nience in analysis. Moller et al.?) reported the determi-
nation of REEs in seawater using Chelex® 100 and ICP-
MS. Although they attained a preconcentration factor
of 330 and successfully determined REEs in seawater,
their method is rather time consuming because seawa-
ter sample was preconcentrated by a column method at
very low flow rate. On the other hand, preconcentra-
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tion using Chelex® 100 resin in a batch method could
be performed for rather short time.' Hence, precon-
centration using Chelex® 100 resin in a batch method
for simultaneous multielement determination by ICP-
MS has been investigated to establish the analytical
method for REEs in seawater, using coastal seawater
collected in the Nagoya port.

Experimental

Chemicals. Chemicals used were of analytical reagent
grade. Ammonium acetate aqueous solution was prepared
with acetic acid and aqueous ammonia solution. The chelat-
ing resin of Chelex® 100 (100—200 mesh; Bio Rad Lab-
oratories, Richmond, CA, USA) was kept in 5 M (M=
moldm™#*) hydrochloric acid (daily changed) for 5 d, and
washed with water, 2 M nitric acid and water, in turn, be-
fore use. The resin thus precleaned was dried in a deccicator
with silica gel. Purified water used throughout the present
experiment was prepared by using a Milli-Q system (Nippon
Millipore Ltd.).

Instruments. An ICP-MS instrument of model SPQ-
8000 from Seiko Instrument Inc. (Tokyo) was used for the
determination of REEs. Major elements (Na, K, Mg, Ca) in
‘the seawater samples were determined by an inductively cou-
pled plasma atomic emission spectrometer (Plasma Atom-
Comp MKII from Jarrell-Ash, Franklin, MA, USA). The op-
erating conditions of the ICP-MS and ICP-AES instruments
are listed in Table 1 along with their components. The pH
measurement of the sample solutions was performed by a
pH meter (model CG822 from SCHOTT GERATE GmbH,
Germany).

Preconcentration Procedure. Coastal seawater col-
lected near the Nagoya port (Aichi Prefecture; 34°59'N,
136°49'E) was filtered with a membrane filter (0.45 pm)
immediately after sampling, and acidified to pH 1—2 with
nitric acid. Then the seawater sample was treated as fol-
lows: One liter of the acidified seawater sample was taken
in a beaker, and then 0.8 g of chelating resin was added
into it. Next, pH of the sample solution was adjusted to
6.0 with acetic acid or aqueous ammonia solution, followed
by stirring with a magnetic stirrer for 2 h. The resin was
collected on a glass filter (1.4 cm i.d.), and the resin on the
filter was washed with small amount of water and 15 ml of
1 M ammonium acetate (pH 5.5) to eliminate Ca and Mg
adsorbed on the resin. Furthermore, it was washed with 15
ml of water to clean up ammonium acetate, and then REEs
were eluted with 9 ml of 2 M nitric acid. Finally the sample
solution was diluted to 10 ml by adding 1 ml of the internal
standard solution containing In and Re (100 ngml™! each).
Consequently, 100-fold preconcentration was achieved in the
present preconcentration procedure. In the recovery test, 10
ml of the mixed standard solution containing all REEs (100
ngml™! each) was added into 1 dm? of seawater sample so-
lution, and the same pretreatment procedure as described
above was carried out.

Results and Discussion

In order to obtain accurate and precise analytical
results, the efficient preconcentration of REEs should
be performed before the ICP-MS measurement. In the
present experiment, pH of sample seawater in adsorp-

Rare Earth Elements Determined by ICP-MS

Table 1. Instrumental Operating Conditions for ICP-
MS and ICP-AES

ICP-MS: Seiko SPQ-8000
Plasma conditions

Incident power 1.2 kW
Coolant gas flow rate 16 Lmin~?!
Auxiliary gas flow rate 1.0 Lmin™?
Carrier gas flow rate 0.50 L min !
Sample uptake rate 0.7 mlmin ™}

Nebulizer Concentric type

Sampling conditions
Sampling orifice diameter
Skimmer orifice diameter
Sampling position

Data acquisition

1.1 mm
0.35 mm
15 mm from load coil

Dwell time 10 ms/ch
Data points 3 points/peak®
No. of scans 100

ICP-AES: Jarrell-Ash Plasma AtomComp MKII
Plasma conditions

Incident power 1.0 kW
Coolant gas flow rate 17 Lmin™?!
Auxiliary gas flow rate 1.0 Lmin™*
Carrier gas flow rate 0.5 Lmin~*
Sample uptake rate 1.2 mlmin—!

Observation height 18 mm above load coil

Nebulizer Cross-flow type
Polychromator

Mounting Paschen-Runge

Focal length 75 cm

Grating 2400 grooves/mm

Entrance slit width 25 um

Exit slit width 50 um

a) Assumed peak center and £0.125 u from the center.

tion procedure, the amount of chelating resin, elimi-
nation of Mg and Ca adsorbed on the resin, and elu-
tion efficiency for REEs from the resin may influence
to achieve the better recoveries of REEs in preconcen-
tration procedure and the analytical figures of merit for
the present analytical method. Thus, such experimental
conditions were optimized to obtain the better recover-
ies of REEs in seawater. In the following experiments,
stirring time for adsorption of trace metals was 2 h, ac-
cording to the results by Cheng et al.'¥ who used 1 dm?
of seawater sample and 0.3 g of Chelex® 100 resin.

pH Dependence of Recoveries of REEs. The
pH of sample seawater during the adsorbing procedure
was optimized, because adsorption efficiencies of REEs
on Chelex® 100 resin depended on pH of the sample
solution. In Fig. 1, pH dependence of the recoveries of
Y, La, Ce, Tb, and Lu are shown. The recoveries of
all other REEs were similar to those shown in Fig. 1.
The recoveries of REEs were higher than 80% in the pH
range between 5—7, and became lower below pH 4. The
highest recoveries were obtained at pH 6 for all REEs.
Consequently, pH 6 was adopted for the pretreatment
procedure as the optimum condition.



H. Sawatari et al.

100 T T T T T T T
* I ]
-~
> B i
e S0 — 4 _
o]
O - .
[c]
T L _
073 4 6 8
pH
Fig. 1. pH Dependence of recoveries for Y (@), La

(A), Ce (O), Tb (A), and Lu (©).

Optimization of Resin Amount in Preconcen-
tration. In preconcentration, it is desirable to use
minimum amount of chelating resin, because the fol-
lowing problems would be caused in analysis; i) large
amounts of Mg and Ca are adsorbed on the resin which
result in their high concentration remained in the anal-
ysis solution, ii) large amounts of ammonium acetate
aqueous solution and nitric acid must be used for wash-
ing resin and elution of REEs, respectively, which may
cause contamination from these reagents.

Dependence of the recoveries of Y, La, Ce, Th, and
Lu on the amount of the chelating resin are summarized
in Table 2. As is seen in Table 2, the recoveries of REEs
were almost constant above 0.8 g. Since all other REEs
provided the similar results, 0.8 g of the resin was used
for preconcentration of REEs in seawater.

Elimination of Major Elements Adsorbed on
Resin with Ammonium Acetate Solution. When
seawater is treated with Chelex® 100 resin, Mg and Ca
are significantly adsorbed on the resin and they should
be removed to minimize matrix effects in the ICP-MS
measurement. It was reported that Mg and Ca re-
tained on the resin could be removed by ammonium
acetate aqueous solution,'>—'9 although the use of ex-
cess amount of ammonium acetate solution causes loss
of the analytes.

In the present experiment, the efficiency of removal of
Mg and Ca was examined using ammonium acetate so-
lution at various pH. The concentration of ammonium
acetate was 1 M, whose pH was adjusted with aqueous

Table 2. Dependence of Recoveries for Y, La, Ce, Thb,
and Lu on Chelating Resin Amount

Resin amount/g

Element® 0.4 0.6 0.8 1.0 1.2
Y 76.3 86.8 90.2 88.6  88.7
La 795 873 916 91.8  93.0
Ce 81.2 885 939 915  93.0
Tb 782 852 894 878 889
Lu 80.7 871 90.8 89.2 898
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ammonia solution or acetic acid. In this experiment, 15
ml of the ammonium acetate solution was used. The
results are summarized in Table 3. Elimination of Mg
and Ca was more effective with the ammonium acetate
solution of lower pH, but loss of the analytes was more
serious. Hence, pH of the ammonium acetate solution
was adjusted at 5.5 as a compromised condition.

Next, the effect of the amount of the 1 M ammoni-
um acetate solution (pH 5.5) on effective removal of Mg
and Ca was investigated. The results are summarized
in Table 4. The use of 30 ml of the ammonium ace-
tate solution was enough to remove Mg and Ca, but
at the same time loss of the analytes occurred quite
significantly. Thus, 15 ml of the 1 M ammonium ace-
tate solution (pH 5.5) was used for elimination of Mg
and Ca, although some matrix effect in ICP-MS mea-
surement might be caused by Mg and Ca under this
condition. In practical analysis, however, matrix effect
due to Mg and Ca could be corrected by an internal
standard method.

Elution of REEs from Resin. In order to elute
REEs adsorbed on the resin, 2 M nitric acid was used as
the eluent. All REEs were completely eluted from the
resin with 9 ml of 2 M nitric acid, while only 60% of

Table 3.  Concentrations (pugml™') of Major Ele-
ments in Concentrated Seawater Samples (100-
fold) after Washing with Ammonium Acetate So-
lution of Different pH

Element pH
5.0 5.5 6.0
Na 0.5 0.8 1.4
K N.D. N.D. N.D.
Mg 37 49 115
Ca 163 211 318

Table 4. Dependences of Major Element Concentra-
tions in Concentrated Seawater (100-fold) and Re-
coveries of REEs on Volume of Amimonium Ace-
tate Solution Used for Washing

Volume of ammonium acetate soln./ml

Element 0 15 30 45
Concentration of major element/jpgml™*
Na 236 0.7 0.4 0.4
K 8.4 N.D. N.D. N.D.
Mg 1140 61 10 7
Ca 796 217 47 12
Recovery of REE/%
Y 92.8 90.2 83.1 81.2
La 100.1 91.6 86.2 85.1
Ce 102.2 93.9 88.2 88.5
Tb 97.3 89.4 82.5 84.0
Lu 95.6 90.8 86.2 87.2

a) The concentration of each REE in the test solution
was 1 ppb.

a) The concentration of each REE in the test solution
was 1 ppb.
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them was eluted with 5 ml of the eluent. Hence, it was
decided to use 9 ml of 2 M nitric acid for the elution
of REEs. Since elution was complete with 9 ml of the
eluent, REEs in 1 dm? of the sample could be concen-
trated by 100-times without evaporation procedure to
reduce the volume of the analysis solution.

Correction of Matrix Interferences due to Ma-
jor Elements. The matrix effects (suppression in
sensitivity) and instrumental drift were corrected by
an internal standard method. The concentrations of
major elements in the analysis solution which was fi-
nally obtained in the preconcentration procedure, are
shown in Table 4. As the internal standard elements,
In and Re were used because the masses of In and Re are
slightly smaller and larger than those of REEs, respec-
tively. The correction by the internal standard method
was carried out in a similar manner to the previous
reports.??2%) When 200 ppm of Ca coexisted in the anal-
ysis solution, the sensitivities of the analytes were re-
duced by about 20% compared to those in the matrix-
free solution. Since the magnitude of the sensitivity
suppression was almost the same for all REEs, In, and
Re, correction by the internal standard method could
be carried out as usual.??23

In the determination of REEs by ICP-MS, interfer-
ences with heavy-REEs from oxide ions of light-REEs
have been pointed out as a problem, and several meth-
ods to reduce or correct such interferences have been
proposed.?»24—26) In the present study, however, inter-
ference correction for the oxide ions of light-REEs was
not carried out, because the differences in the concen-
trations of light-REEs and heavy-REEs in usual seawa-
ter are within one order of magnitude and hence the
oxide interference was negligibly small.

Also Ba in the analysis solution is a potential source
of spectral interferences, because *'Eu™ is interfered by
13583160+ and the concentration of Ba in seawater is
much higher than those of REEs. In the present study,
Ba was eliminated by the pretreatment and the concen-
tration of Ba in the analysis solution was lower than 10
ppb. The analytical error of Eu caused by Ba at this
concentration level was estimated to be less than 3% for
the seawater sample analyzed in the present study, and
hence correction for BaO™* was not carried out.

Analytical Figures of Merit. The recoveries of
REEs obtained by the present method are summarized
in Table 5. The values in Table 5 are the mean values
and the standard deviation estimated from the repeated
experiment (4 times). The recovery values were about
90%, and their reproducibilities were less than 2.3%.

Shimizu et al.?”) discussed on the recovery of REEs
from seawater in their study on isotopic ratio of Ce and
Nd and REE patterns in seawater. They concluded
that the recoveries of heavy-REEs obtained by MnO»-
coated fiber were lower than those for light-REEs. In
the present method using chelating resin, the recoveries
of light-REEs and heavy-REEs were not significantly

Rare Earth Elements Determined by ICP-MS

Table 5. Recovery of Rare Earth Elements Evaluated
by Using Spiked Seawater Sample

Element?® Recovery®
%
Y 90.2 + 0.9
La 91.6 £ 0.9
Ce 93.9 £ 0.3
Pr 91.7 £ 1.0
Nd 90.4 £ 0.1
Sm 89.5 £ 1.1
Eu 87.8 £ 0.3
Gd 89.3 £ 23
Tb 89.4 + 1.0
Dy 89.6 + 1.4
Ho 89.0 + 0.8
Er 90.8 £ 0.9
Tm } 90.6 + 0.7
Yb ) 90.3 £ 1.0
Lu 90.8 + 0.9

a) The concentration of each REE in the test solution was
1 ppb. b) The mean and standard deviation estimated
from 4-times repeated preconcentration.

different from each other, as is seen in Table 5.

In Table 6, the instrumental and analytical detection
limits obtained by the present method are summarized,
along with the masses of the isotopes used for the ICP-
MS measurement. The instrumental detection limits
were obtained for pure standard solutions without pre-
concentration. They were defined as the concentration
corresponding to 3 times of the standard deviation of
the blank signal intensity, which was estimated from
the 10-times duplicate measurements of the blank so-
lution. The analytical detection limits in Table 6 were
calculated from the instrumental detection limits, tak-
ing into account the concentration factor (100) and the
recoveries shown in Table 5.

The blank values in the present method are also sum-
marized in Table 6. To estimate the blank values, 1
dm? of 0.1 M nitric acid was used as the test solution,
and the preconcentration and measurement procedures
similar to the present method were carried out. Except
for Y and La, the blank values were at the same level
as or lower than the analytical detection limits. Even
for Y and La, the blank values were almost negligible
because they were much lower than the abundances of
these elements in the sample seawater. '

Concentration of REEs in Coastal Seawater.
The analytical results for coastal seawater collected near
Nagoya port are presented in Table 7. These results
were obtained by the ICP-MS measurement after the
preconcentration procedure described in the experimen-
tal section, where correction in terms of the recover-
ies were made. The concentrations in Table 7 are the
means of the repeated preconcentration procedures and
measurements (4 times). By the present method, REEs
in seawater at the sub-ppt level could be determined
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Table 6. Detection Limits and Blank Values for Rare Earth Elements

Element Isotope Instrumental Analytical Blank
measured detection limit® detection limit™ pgml™!
u pgml~! pgml~?

Y 89 0.74 0.0083 0.12
La 139 0.46 0.0051 0.051
Ce 140 1.6 0.017 0.094
Pr 141 0.24 0.0027 0.0082
Nd 146 1.71 0.019 N.D.
Sm 147 3.0 0.034 0.046
Eu 151 1.1 0.012 0.013
Gd 157 - 1.2 0.013 N.D.
Tb 159 0.15 0.0016 0.0022
Dy 163 0.98 0.011 0.021
Ho 165 0.10 0.0012 0.0027
Er 168 0.54 0.0060 0.017
Tm 169 0.28 0.0031 0.0076
Yb 174 1.1 0.012 0.016
Lu 175 0.15 0.0016 N.D.

a) Detection limit obtained for standard solutions without preconcentration.
b) Detection limit obtained after preconcentration by the present chelating resin

method.

Table 7. Analytical Results for REEs in Coastal Seawater

Element Concentration®

P ml™!

Y 424 1.0

La 11.5 £0.3
Ce 9.51 & 0.28
Pr 1.89 £ 0.06
Nd 8.61 £ 0.24
Sm 1.69 4+ 0.06
"Eu 0.30 + 0.01
Gd 2.31 £ 0.09
Tb 0.38 £+ 0.01
Dy 2.85 + 0.10
Ho 0.80 £ 0.02
Er 2.80 & 0.07
Tm 0.47 £+ 0.01
Yb 3.42 + 0.12
Lu 0.60 £+ 0.01

a) Mean and relative standard deviation obtained from
4 times repeated preconcentration procedure.

with precision of 2—4%.

In Fig. 2, the abundances of REEs in the coastal sea-
water determined in the present study are shown as
a shale-normalized REE abundance pattern, together
with the data in the previous studies.®%®) The REE
abundances of shale, which are considered to repre-
sent the REE abundances of the continental crust,
are often used for the normalization in marine geo-
chemistry, while chondrite-normalized REE pattern
(Masuda~-Coryell plotting)?® is mostly used in ge-
ological and geochemical studies. Here, the REE
abundances of the Post-Archean Average Australian
Shale® were employed for normalization, as suggested
by McLennan.?®
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Fig. 2. Shale(PAAS)-normalized REE patterns for

seawater and river water. @, Nagoya Port (present
work); O, surface seawater near Kyushu Island,
Japan (Ref. 10); A, Pacific Ocean, 15 m depth
(Ref. 6); A, Pacific Ocean, 3250 m depth (Ref. 6);
O, Shinano River, Japan (Ref. 9).

It is seen from Fig. 2 that the concentrations obtained
in the present study are at almost the same level as
those in the previous reports, and the shale-normal-
ized REE pattern shows heavy-REEs enriched features,
which is often observed for seawater. The concentra-
tions of heavy-REEs, however, are higher and the incli-
nation of heavy-REEs span is steeper than other REE
patterns for seawaters. As for light-REEs, the concen-
trations for the present sample and those collected in
near-shore area of Kyushu Island!® are at almost the
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same level, but the concentrations and the inclination of
the pattern for heavy-REEs are slightly different, as is
seen in Fig. 2. Considering the sampling site, it is plau-
sible that the present seawater sample was influenced
by the inflow of fresh river water. It is seen that the
concentration of Na in the present coastal seawater was
8060 ppm, while it is 10800 ppm in typical seawater.?®
The REE patterns of the present study, however, is
quite different from those of river water reported in the
previous study.”) As an example, the REE pattern of
the Shinano river water® is shown in Fig. 2. In order
to investigate and understand the REE pattern of the
present study, more comprehensive studies on the de-
termination of REEs in the seawater and the river water
should be required in future.

Conclusion

Rare earth elements at the ppt or sub-ppt level in
coastal seawater were successfully determined by ICP-
MS using chelating resin preconcentration. The present
Chelex® 100 resin preconcentration method provided
the recoveries for all REEs about 90% and good re-
producibility. In addition, employing the present batch
method, the time required for the pretreatment is signif-
icantly saved compared to those for the preconcentra-
tion by the column method using the chelating resin.
The shale-normalized REE distribution pattern of the
present data for coastal seawater showed marked differ-
ence from those for open seawater as well as for river
water. Further comprehensive studies on the REE dis-
tribution patters in aqua environment including sedi-
ment samples are required to elucidate the distributions
of REEs and their geochemical cycles in the biosphere.
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