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This paper describes a simple method for simultaneous preconcentration and matrix reduction during
the analysis of rare earth elements (REEs) in water samples through laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS). From a systematic investigation of the co-precipitation of REEs
using magnesium hydroxide, we optimized the effects of several parameters - the pH, the amount of
magnesium, the shaking time, the efficiency of Ba removal, and the sample matrix - to ensure quantita-
tive recoveries. We employed repetitive laser ablation to remove the dried-droplet samples from the filter
medium and introduce them into the ICP-MS system for determinations of REEs. The enrichment factors
ranged from 8 to 88. The detection limit, at an enrichment factor of 32, ranged from 0.03 to 0.20 pg mL~!.
The relative standard deviations for the determination of REEs at a concentration of 1 ng mL-! when pro-
cessing 40 mL sample solution were 2.0-4.8%. We applied this method to the satisfactory determination
of REEs in lake water and synthetic seawater samples.
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1. Introduction

Because rare earth elements (REEs) are often used in modern
industrial applications, to take advantage of their metallurgical,
optical, and electronic properties, their release into the environ-
ment has increased [1,2]. For example, there are many recent
reports of anomalous levels of Gd in the REE distribution patterns
in coastal seawater, presumably caused by the discharge of Gd
compounds used as magnetic resonance imaging contrast reagents.
Because of the high stability of such compounds, this Gd anomaly
is a possible indicator of anthropogenic impact on aqueous envi-
ronments [3,4]. For this and other reasons, the determination of
accurate levels of REEs is necessary for environmental monitoring
and geological studies.

Among the many analytical techniques that have been used for
the determination of REEs in aqueous samples, neutron activation
analysis [5,6], isotope dilution mass spectrometry [7], inductively
coupled plasma atomic emission spectrometry (ICP-AES) [8-12],
and inductively coupled plasma mass spectrometry (ICP-MS)
[13-22] are the most popular. Nevertheless, the direct determina-
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tion of REEs in natural water samples remains a challenge because
their concentrations are generally close to (or lower than) the
detection limit of ICP-MS [7,19,20,23] and because the concen-
tration of Ba is typically much higher than those of other REEs,
resulting in significant polyatomic interference when measuring La,
Sm, Gd, and Eu (e.g., 1>1Eu and '>3Eu suffer interference by 13°Ba'60
and 137Ba'60, respectively) [7,19]. Furthermore, the high salt con-
tent (ca. 3%) in seawater can result in clogging of introduction
systems and serious interference with REE measurement [20]. To
overcome these problems, co-precipitation [12,22], liquid-liquid
extraction [13,14], and solid phase extraction [15-21] techniques
have been developed to enrich the REEs and remove salts prior to
analysis.

Co-precipitation is a separation/preconcentration technique
based on phase separation. Analyte ions are precipitated in this
procedure using a combination of a carrier element and a suit-
able chelating agent [12,22,24]. Metal hydroxides [e.g., Fe(Ill)
and Mg] have been used as inorganic co-precipitants for the
preconcentration of trace metal ions from aqueous media. The sim-
plicity, ease of availability, and compatibility of co-precipitation
methods with different measurement techniques make them
appropriate alternatives to expensive and time-consuming sep-
aration/preconcentration procedures. One of the drawbacks of
co-precipitation is that the relatively high concentration of the
co-precipitate carrier can influence the measurement of trace ele-
ments. For example, a large quantity of Mg can lead to severely high
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background absorption signals during analysis. The use of Fe(OH)3
leads also to the co-precipitation of large amounts of alkaline earth
metals [25,26]. Lanthanum hydroxide precipitate coated onto cel-
lulose fibre technique have been adopted as an alternative method
to eliminate potential interfering effects from the carrier [27].
Notably, co-precipitation with a carrier requires an additional sep-
aration step, usually cation-exchange chromatography, to remove
the carrier prior to ICP-MS determination [24].

Laser ablation (LA) systems, connected to ICP mass spectrom-
eters, can be used to ablate solid samples directly for trace and
ultra-trace element determination. This technique has been applied
to the determination of geological, environmental, and biological
samples [28-30]. The formation of refractory REE-O* ions - par-
ticularly 149Ce’60*, 13913160*, and, to a lesser extent, 141Pr16Q*,
BaO*, and BaOH" species - is, however, a significant problem in
quantitative REE determinations performed using ICP-MS [31]. The
conventional method for introducing a sample into the plasma is
nebulization of a solution; in this case, prior to analysis, the sam-
ple must be dissolved. One of the advantages of LA over solution
nebulization, as a means of sample introduction, is that LA creates
dry plasma, which might reduce the amount of introduced oxy-
gen, thereby minimizing the presence of interfering oxide species
[32,33].

In this study, we developed a simplified Mg(OH), co-
precipitation method for the determination of REEs using
LA-ICP-MS. This method has the advantage of allowing simulta-
neous preconcentration and matrix reduction during the analysis
of REEs in water samples. Moreover, co-precipitation with the car-
rier requires no additional separation step to remove the carrier
prior to ICP-MS determination. We validated the accuracy of these
determinations by analyzing a certified river water reference mate-
rial. Furthermore, we applied this method to the determination of
REEs in lake water and synthetic seawater samples.

2. Experimental
2.1. Instrumentation

A UP-213 laser ablation system (New Wave Research, Fre-
mont, CA) was coupled to an Agilent 7500a ICP-MS system
(Agilent Technologies, Santa Clara, CA). The LA device contained
a frequency-quintupled Nd:YAG (neodymium-doped yttrium alu-
minum garnet crystal) laser and provided deep-UV irradiation
(A=213nm). The laser was operated using a defocused beam hav-
ing a spot diameter of 110 wm to maximize the laser beam area
and produce a relative large signal. As the laser beam moved across
the surface of the sample, very rapid heating occurred, causing the
matrix to be volatilized or ablated. Argon was used to transport the
ablated material from the ablation chamber to the ICP system. The
ions formed in the ICP were extracted in the quadrupole mass spec-
trometer and separated according to their mass-to-charge rations.
The mass spectrometer was set up in time-resolved analysis mode,
measuring one point per mass [TRA(1)], and acquiring the masses
chosen. Peak areas were used for final quantitation of the ana-
lyte concentrations. The LA system was fully computer-controlled
and featured a real-time video imaging system capable of view-
ing reflected and transmitted light (polarized light available). The
system could be programmed to ablate continuous lines, spots,
or a variety of more complex ablation patterns. The LA-ICP-MS
operating parameters are summarized in Table 1. The total acqui-
sition time per sample was 230s, including a 20-s equilibration
and stabilization time between each sample droplet ablation event.
Optimization of the plasma, and mass spectrometric conditions,
was accomplished using solution nebulization prior to switching
to LA sample introduction. A mixed-element (Li, Y, Ce, Tl) standard

Table 1
LA-ICP-MS operating conditions.
Instrument Parameter Value
ICP-MS RF power 1.5kW
Plasma argon gas flow 15Lmin~!
Auxiliary argon gas flow 1.0Lmin~!
Make up argon gas flow 0.15Lmin~"!
Carrier argon gas 1.0Lmin~!
Sampler/skimmer cone Nickel

Laser ablation

Acquisition mode
Acquisition time
Wavelength
Output energy
Laser energy
Defocus setting

Time-resolved analysis
230s

213nm

100%

17]Jcm~2 (1.6 mJ)
2mm

Carrier argon gas 1.0Lmin~!
Laser scanning mode Grid of spots
Repetition rate 20Hz

Dwell time 8s

Intersite pause 5

Spot size 110 pm
Raster spacing 200 pm
Grid spacing 200 pm

solution (1ngmL-') was used to obtain the highest signal-to-
background ratio for 7Li, 89Y, and 2%°TI. The doubly charged ratio
(140Ce2*/140Ce*) and oxide ratio (1°6Ce0*/140Ce*) were maintained
below 3%, respectively.

Values of pH were measured using a Mettler Toledo MP-220
pH meter (Mettler Toledo, Schwerzenbach, Switzerland) featur-
ing a glass electrode. PTFE filter membranes (Pall Corporation, Ann
Arbor, MI) were used as substrates upon which all of the sample
aliquots were deposited and dried.

2.2. Reagents and solutions

All chemicals were of analytical grade and used without fur-
ther purification, except for HNO3 (65%, v/v; Darmstadt, Germany),
which was of Suprapur grade. The deionized water (DIW) used in
each experiment and in each cleaning step was obtained through a
process of reversed osmosis of tap water, ion exchange, and filtra-
tion (Millipore, Molsheim, France).

All calibration solutions were prepared afresh daily from
10 wgmL~! stock solutions (Ultra Scientific, North Kingstown, RI)
diluted with 6 N HNO3. Matrix-matched standards were used for
collection of the response curve by spiking Mg(NOs), solution to
8 mM. A certified reference material (CRM) was used to validate the
accuracy of the proposed method. The SLRS-4 river water reference
material for trace metal analysis was obtained from the National
Research Council of Canada (Ottawa, Ontario, Canada).

The lake water sample was collected from Cheng-Kung Lake,
Hsinchu, Taiwan. Immediately after sampling, the lake water was
filtered through 0.45-pm membrane filter, acidified to approx-
imately pH 2.0 by adding ultrapure concentrated HNO3, and
stored in acid-precleaned polyethylene (PE) bottles. Synthetic sea-
water was prepared having a composition of 22.0gL-! Nacl,
4.0gL"1 NayS0,4, 0.8gL~1 KCl, 1.6 gL' CaCl,-2H,0, and 10.7 gL~!
MgCl,-6H;0, according to the specifications of Lide [34].

2.3. Co-precipitation procedure

The co-precipitation method was tested with model solutions
prior to its application to the lake water and synthetic seawater
samples. A 40 mL aliquot of the sample was transferred into a cen-
trifuge tube and then an appropriate amount of a magnesium (Mg)
solution was added. A certain amount of 1N NaOH solution was
added to adjust the pH; REEs were co-precipitated with the formed
precipitate. The tube was shaken for 5min and then the solution
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Fig. 1. Still video images of the LA of dried droplets (1 L) on the PTFE filter membrane. (a) 5ngmL-! standard solution and (b) lake water with 5ngmL-! REEs. (a and b)

Before and (a’ and b’) after ablation.

was centrifuged (6000 rpm, 10 min). The supernatant was decanted
and the remaining precipitate adhered to the tube was dissolved in
6 N HNOj3 (5 mL) for LA-ICP-MS analysis.

2.4. Multi-step Mg(OH), co-precipitation procedure

To increase the enrichment factor (EF) when using the proposed
method, a procedure was initially tested in which multiple repli-
cates of 40-mL water samples were repeatedly precipitated in a
single centrifuge tube. After the Mg precipitate from the previous
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40-mL sample had been separated from the supernatant and dis-
solved in 6 N HNO3 (400 L), the solution was mixed with a new
replicate of the same sample and then Mg(OH), was precipitated
upon addition of NaOH. The procedure could be repeated to achieve
high enrichment ratios.

2.5. Sample introduction through LA

For LA-ICP-MS analysis, 5mL of each of the calibration stan-
dards and aliquots of the real samples were accurately pipetted into
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Fig. 2. Responses from (a) 1*°La* and (b) '>*Eu* obtained using LA-ICP-MS. Droplet volume: 1 wL; concentrations of La and Eu: 10ngmL~! each.



986 H.-F. Hsieh et al. / Talanta 85 (2011) 983-990

100 -
80 -
Fal
)
>
o
8 60 - —e—— La
= Ce
S ———v——Pr
2 ——a—- Tb
& 7 ——+— Dy
——o—— Er
———— Tm
20 4 ——v—— Lu
0 T T T T
9 10 11 12 13

pH

Fig. 3. Effect of pH on the co-precipitation efficiencies of REEs ions (N =3). Shaking
time: 5min; Mg content: 8 mM; concentrations of REEs: 5ngmL™".

10-mL PE tubes. Rhodium standard stock solution (1000 mgL-1,
Merck, Darmstadt, Germany) was diluted and added as an inter-
nal standard having a concentration of 20 ng mL~'. Methylene Blue
was added to 100 wg mL~! as an indicator and to improve the abla-
tion yield. Using a micropipette, 1 wL of each solution was placed
onto the surface of a hydrophobic filter membrane, which was then
placed under an IR lamp for drying. Because water is repelled from
hydrophobic surfaces, the aqueous solutions formed droplets to
minimize the contact area; after drying, the residue was present on
the surface of the filter membrane in the form of small spots. The
dried filter membranes were placed into the LA sampling chamber
for further analysis.

3. Results and discussion
3.1. Feasibility of LA-ICP-MS

To generate quantitative data, it is essential that the energy of
the laser beam is sufficient to completely remove aerosols from the
filter. Fig. 1 presents video images of dried droplets (1 L) of syn-
thetic seawater and lake water samples on a filter membrane before
and after laser ablation. On the hydrophobic substrates, the droplets
shrank to leave a spot-like residue much smaller than the initial
diameter of the droplet. Depending on the matrix of the sample
solution, the diameters ranged from 480 to 850 wm. The diame-

Table 2
Analytical figures of merit.

Element mfz R? Recovery® (%) MDLSd (pgmL-1)
La 139 0.99995 1009 + 3.2 0.03
Ce 140 0.99996 101.1 + 3.6 0.03
Pr 141 0.99997 100.7 + 4.0 0.03
Nd 143 0.99999 994 + 25 0.13
Sm 147 0.99988 1003 + 2.7 0.11
Eu 153 0.99994 100.8 + 3.1 0.06
Gd 157 0.99991 975+ 2.0 0.20
Tb 159 0.99992 999 + 4.0 0.03
Dy 163 0.99998 1009 + 3.9 0.11
Ho 165 0.99998 99.9 + 3.6 0.04
Er 166 0.99998 99.0 + 3.6 0.06
Tm 169 0.99997 989 + 4.2 0.05
Yb 173 0.99995 97.2 + 4.8 0.16
Lu 175 0.99995 100.3 + 4.7 0.04

2 R: correlation coefficient.

b Mean + standard deviation; N=3.
¢ MDL: method detection limit.

4 Enrichment factor: 32.

100 . o

>

-

(]

> —e—— la
8 . Ce
o ———v—— Pr
I —w—o—=- Tb
[ — e — Dy
o — —o0—— FEr
e —— Tm

—v—— Lu

0 T T T T
0 5 10 15 20 25 30

Amounts of magnesium(ll) (mM)

Fig. 4. Effect of Mg content on the co-precipitation efficiencies of REE ions (N=3).
Shaking time: 5 min; pH: 10.5; concentrations of REEs: 5ngmL-1.

ters of the dried residues derived from the calibrations solutions
ranged in size from 480 to 520 wm; those derived from the syn-
thetic seawater had similar diameters. The residues derived from
lake water samples exhibited irregular shapes, with diameters of
approximately 800-850 wm. The significant discrepancy in spot
size between the typical dried standard solutions and lake water
samples presumably arose from their different matrix composi-
tions, especially the presence of unidentified organic components,
which might have altered the surface tension, in the lake water.
Because the sizes of the sample deposits exceeded the diameter
of the laser spot, we applied a 4 x 4 spot grid scanning pattern
to ablate the entire sample area. Optimization of the instrument
parameters ensured comprehensive sample ablation while main-
taining the integrality of the filter membrane during the ablation
process. Fig. 1a’ and b’ reveals that no residue remained on the filter
membrane, which remained intact, after the ablation process.

Fig. 2 presents the repetitive transit signals of La and Eu (from
10ngmL-! samples), respectively, providing further evidence for
complete ablation. The blank line is the ablation signal of the blank
filter membrane. We detected no significant background signals
for the targeted analytes during ablation of the filter membrane
itself, confirming that no significant contamination occurred from
the substrate. Repetitive ablation on the same droplet arearevealed
that, after initial ablation with appropriate fluence (ca. 20Jcm=2),
the signal intensities (counts/s) dropped to insignificant levels for
all of the measured elements. Thus, complete removal of the ana-
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Fig.5. Efficiencies of multiple replicates of the Mg co-precipitation process. Shaking
time: 5 min; Mg content: 8 mM; pH: 10.5; concentrations of REEs: 1 ngmL-!.



H.-F. Hsieh et al. / Talanta 85 (2011) 983-990 987

lytes from the filter medium had been achieved; in other words,
the dried sample droplet was completely ablated during the first
scan.

3.2. Optimization of co-precipitation parameters

We investigated the effects of several variables to optimize the
accuracy and precision of the preconcentration method. To opti-
mize the co-precipitation conditions for quantitative recoveries, we
used DIW spiked with REEs as a model solution and examined the
effects of the pH, the amount of Mg, the shaking time, the efficiency
of Ba removal, and the sample matrix.

3.2.1. Effect of pH

The pH plays a unique role with respect to the co-precipitation
of REEs. Hence, we investigated the influence of the pH on the
recoveries in the pH range from 9.4 to 13 using 40 mL of a model
solution containing 5ngmL-! of each REEs. Fig. 3 reveals that the
co-precipitation efficiency for all investigating elements was poor
when the solution pH was less than 10. On the other hand, the
co-precipitation efficiency for all elements reached nearly 100%
when the solution pH was equal to 10. Literature reports suggest
that alkaline earth metals hydrolyze significantly only at high pH
(pH>9-10) [35]. To separate the REEs from substrates, we selected
a pH of 10.5 for all of our subsequent experiments. Furthermore,
the experiment should be undertaken when the pH of water sample
solution was less than 10.

3.2.2. Effect of the amount of Mg as the carrier element

We examined the effect of the Mg concentration on the co-
precipitation efficiencies of the REEs in the range 0.89-33.5 mM.
Fig. 4 presents the recoveries of the analytes plotted with respect to
the amount of Mg when the reaction was performed at pH 10.5. The
recoveries of all elements increased notably upon increasing the
amount of Mg; the maximum recoveries were obtained when the
Mg concentration was greater than 4.2 mM. Therefore, we chose a
Mg concentration of 8 mM for all of our subsequent co-precipitation
experiments.

3.2.3. Effect of shaking time

To ensure that equilibrium was established in the REE co-
precipitation process, we investigated the influence of the shaking
time on the recoveries. A subsidiary experiment revealed that we
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Fig. 6. Analyses of REEs ions at various concentrations of Ba. Shaking time: 5 min;
Mg content: 8 mM; pH: 10.5; concentrations of REEs: 1 ngmL~!.

achieved recoveries of greater than 96% for all of the analytes when
the shaking time was 5 min.

3.2.4. Repeated co-precipitation

Repeating the proposed procedure provided high EFs. We var-
ied the multiple-step Mg(OH), precipitation process from 1 (EF=8)
to 11 (EF=88) replicates using 40 mL model solutions containing
1ngmL-! of each REE. Using this procedure, the amount of Mg
from each precipitation step was reproducible; the recovery of
each spiked REE did not decrease upon increasing the number of
precipitation steps (Fig. 5).

3.2.5. Effect of Ba?* interference

Separation of Ba is critical in REE analysis because the oxides of
the five most abundant Ba isotopes have masses overlapping with
those of Sm, Eu, and Gd. Barium is highly enriched in natural water
samples relative to the levels of REEs [7,19]. Isobaric interference of
Ba and BaO ions with La, Eu, Yb, and Lu ions has also been reported
[36,37]. The low first ionization potential of Ba (5.12 eV) reduces
the ionization efficiency of the REEs, thereby degrading the quality
of the data [36].

We investigated the influence of Ba at concentrations in the
range 100-10,000 ng mL~! on the recoveries of REEs in model solu-
tions containing 1 ng mL~! REEs. Fig. 6 reveals that the percentage

Table 3

Analytical results of REEs in SLRS4.
Element Present work (pg mL-1)2 Reported [37] (pgmL-1) X — %P tSp°
La 281.7 £ 94 287 + 8 5.3 9.2
Ce 3542 +£ 121 360 + 12 5.8 13.7
Pr 70.1 + 3.1 69.3 + 1.8 0.8 21
Nd 266.3 + 10.9 269 + 14 2.7 15.9
Sm 56.3 + 2.6 574 + 2.8 1.1 3.2
Eu 7.9 £ 0.9 8.0 +£ 0.6 0.1 0.7
Gd 333+ 16 342 +20 0.9 23
Tb 46 +0.3 43+ 04 0.3 0.5
Dy 235+ 06 242 +1.6 0.7 1.8
Ho 47 £ 04 47 +£0.3 0.0 0.3
Er 133 £ 0.9 134 £ 0.6 0.1 0.7
Tm 1.8+03 1.7 £ 0.2 0.1 0.2
Yb 11.7 £ 0.6 12.0 £ 04 0.3 0.5
Lu 1.9+ 0.1 19+ 0.1 0.0 0.1

2 Mean + standard deviation; N=3; enrichment factor: 32.

b Indicates the differences in concentration found between the two results. X, : observed value; X,: reported value.
¢ If the difference between observed and reported value (|X2 — X1]) is smaller than the computed value (t Sp), no significant difference between observed and reported

results has been accepted at the 95% confidence level. Sp = Spooied /(N1 + N2)/(N1 - N2); Spooted = \/[sf(Nl -1)+ s%(Nz —1)]/(N1 + Ny — 2); t: student’s t at 95% confidence;
Np and N, respectively refer to number of replicate measurements in the observed and reported data sets; sf and sg, respectively refer to variance in the observed and

reported data sets.
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recoveries were quantitative when using the proposed method at
each Ba concentration. In other words, Ba and its oxides did not
interfere with the determination of any of the REEs. The removal
rate of Ba exceeded 99.5% when we co-precipitated the REE model
solution at pH 10.5 with 8 mM Mg ions.

3.3. Effect of lake water and synthetic seawater matrices on the
determination of REEs

The matrix elements (e.g., Na, K, Mg, Ca) and organic compounds
present in water samples often lead to instrument drift, isobaric
polyatomic interferences, and signal suppression in the determina-
tion of REEs by ICP-MS. We compared the slopes of the calibration
curves of the REE ions in the lake water or synthetic seawater sam-
ples with respect to those in the standard samples. Fig. 7 reveals
that the calibration curves for the REEs ions were in good agree-
ment with one another; the slope ratios for the lake water and
synthetic seawater samples were 1.025 and 0.9964, respectively.
Therefore, the lake water and synthetic seawater matrices did not
interfere with the co-precipitation of REEs ions when using this
co-precipitation procedure.

3.4. Analytical figures of merit

Table 2 summarizes the analytical figures of merit, determined
using a sample volume, adsorption pH, amount of Mg, and shaking
time of 40 mL, pH 10.5, 8 mM, and 5 min, respectively. We examined
the analytical performance of the procedure using the results from
the LA-ICP-MS measurements. Under the optimized conditions,
the calibration curves were linear up to 100 ng mL~! for the studied
REEs, with correlation coefficients in the range 0.99988-0.99999.
We evaluated the precision of the method in terms of the rel-
ative standard deviations (RSDs) of the determinations of REEs
(1 ng mL~! of REEs in 40-mL aqueous solution), with the procedure
repeated three times under the optimal conditions. The RSDs and
the recoveries of the REEs were 2.0-4.8 and 97-101%, respectively.
The method detection limits (MDLs) of this method - based on a
3o criterion, where o is the estimated standard deviation of seven
repetitive measurements of a procedural blank - ranged between
0.03 and 0.20 pgmL-!.

We used SLRS-4, a river water standard reference material for
trace metals, to evaluate the accuracy of the proposed method.

Because there are no certified values for the REEs, we compared
the results obtained from this study with those of Ref. [38]. Table 3
reveals that the observed values were consistent with the reported
values, with the student t-test indicating that there was no signif-
icant difference between the observed and reported values. It is
confirmed that this method is applicable to both the preconcentra-
tion and determination of REEs through LA-ICP-MS.

3.5. Analytical application

To test whether our developed procedure was valid for real
sample analysis using LA-ICP-MS, we studied the recoveries of
analytes spiked into real lake water and synthetic seawater sam-
ples. Table 4 presents the results from analyses of three replicate
samples subjected to preconcentration. The multi-step Mg(OH),
co-precipitation procedure was performed with four replicates of
40-mL samples repeatedly precipitated in a single centrifuge tube.
The results obtained using an EF of 32 indicated that the recoveries
were acceptable for trace analysis: 93-98% in the lake water sample
and 93-103% in the synthetic seawater sample. That is, quantitative
recoveries could be achieved for both types of water samples.

3.6. Comparison with other techniques

Table 5 compares the data from the present method with those
of recently reported methods for REE determination. Our pro-
posed method provides data that are comparable - in terms of
detection limit and accuracy - with those of other analysis tech-
niques. Compared with other techniques of the co-precipitation
of elements using magnesium hydroxide, the sensitivities of our
proposed procedure are significantly superior to those obtained by
graphite furnace atomic absorption spectrometry [39,40] and dif-
ferential pulse anodic stripping voltammetry [41]. The advantages
of co-precipitation are its relatively simple operation procedure,
cost-effectiveness, and applicability to batch processing. The pro-
cess requires neither careful pH adjustment (indispensable in solid
phase extraction) nor any harmful or hazardous organic solvents
(necessary in solvent extraction). One of the drawbacks of co-
precipitation, however, is that a relatively high concentration of the
co-precipitate carrier may influence the measurement of trace ele-
ments. Indeed, co-precipitation with a carrier usually necessitates
an additional separation step or on-line elution process to remove
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Table 4
Analytical results of REEs in water samples.

Element Spiked (pgmL-1) Lake water Synthetic seawater
Found (pgmL-1) Recovery (%) Found (pgmL~1) Recovery (%)
La - 107.3 £9.7 979 +£23
100 202.9 + 6.4 96 190.7 £ 3.8 93
Ce - 233.4 + 10.6 107.6 £ 0.2
100 331.2 £ 121 98 201.8 £ 5.4 94
Pr - 299 + 1.7 222 +05
100 126.6 +£ 3.4 97 1189 £ 2.9 97
Nd - 104.6 + 5.5 49.4 + 3.2
100 2014 + 6.5 97 147.0 + 9.6 98
Sm - 245+ 26 41409
100 1205 £ 5.2 96 98.6 + 0.5 95
Eu - 85+1.0 26 +£0.1
100 1063 +£ 2.4 98 1009 + 2.4 99
Gd - 208 +1.3 4.0 £ 0.8
100 1169 £ 4.3 96 99.4 + 3.8 95
Tb - 103 +£ 0.1 7.6 +£ 0.6
100 103.1 £ 2.3 93 109.7 £ 0.5 102
Dy - 19.8 £ 0.5 1.8 +0.3
100 1135+ 1.2 94 101.8 + 2.7 100
Ho - 7.5+ 0.2 39+0.2
100 100.7 £ 0.4 93 105.7 £ 0.3 102
Er - 109 + 1.6 3.1+04
100 1044 + 1.3 94 105.3 £ 0.6 102
Tm - 4.7 £ 0.6 39+0.2
100 984 £+ 2.0 94 106.3 £ 0.9 102
Yb - 93 +13 n.d.
100 1042 £2.9 95 100.2 £ 1.0 100
Lu - 2.7 £0.5 1.8 £ 0.1
100 979 +24 95 103.1 +£ 0.7 101
All data were average using three replicate measurements.
Enrichment factor: 32; n.d.: not detected.
Table 5
Comparison of the REEs analytical performance for different water analysis techniques.
Methods/sample Sample volume, mLSample Sample type EF LOD (pgmL-1) %RSD/ng mL~!
pretreatments type EFLOD, pgmL volume (mL)
ETV-ICP-MS®
Liquid-liquid 2 Lake water, seawater, 5-6 0.02-0.09 4.1-9.2 (0.2)?
extraction [13] tap water
Liquid-liquid 3.5 River water 7 0.20-0.91 2.5-9.1(0.1)?
extraction [14]
ICP-SFMS¢
SPME [15] 50 River water 50 0.003-0.9
ICP-MS©
SPE [16] 50 Seawater 100 0.006-0.06 <2(0.1)?
SPE [17] 1000 Ground water 100 0.05-0.10 <10
SPE [18] 200 River water 40 50-560
On-line SPE [19] 10 Lake water 0.013-0.15
On-line SPE [20] 10 Seawater 9.6 0.005-0.09 <10b
On-line SPE [21] 200 Seawater 400 0.00143-0.0127 1.1-5.1 (1)
ICP-AES®
SPE [8] 100 Lake water, synthetic 50 3-57 <6 (10)?
seawater
On-line SPE [9] 20 River water 83-102 2-250 -
On-line SPE [10] 20 River water 83-120 2-95 <10(1)?
On-line SPE [11] 3 River water, lake 10 30-350 2.1-6.0 (5)2
water, well water
ICP-MS
Coprecipitation 10 River water 10 0.0006-0.20 <3.3(0.01)?
followed by on-line
elution [22]
ICP-AES®
Coprecipitation [12] 2000 Ground water 80 8000 <8.1(50)?
Current method/LA-ICP-MS
Coprecipitation 160 Synthetic seawater, 32 0.03-0.2 2.0-4.8 (1)

river water

2 Concentration level at which the RSD value was obtained.

b For all results.

¢ AES: atomic emission spectrometry; ETV: electrothermal vaporization; SFMS: sector field mass spectrometry; SPME: solid phase microextraction; SPE: solid phase extraction.
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or dilute the carrier prior to ICP-MS determination [22,24]. Here,
we developed a direct sample introduction method for the deter-
mination of REEs in dried droplets using LA-ICP-MS. Moreover,
the formation of refractory REE-O" is a significant problem when
performing quantitative REE determinations through ICP-MS [31].
The use of LA can reduce the amount of introduced oxygen species,
thereby minimizing the presence of interfering oxide species rela-
tive to that obtained when employing wet plasma.

4. Conclusions

Our proposed method for analyzing REEs in real samples is
simple and straightforward. The procedure provides excellent pre-
concentration efficiency, as well as high concentration factors, for
analytes in water samples, ensuring the highly sensitive detection
of REE analytes. The time required to complete the co-precipitation
and determination process was approximately 25min. The co-
precipitated analyte ions were determined sensitively through
LA-ICP-MS without any interference from the carrier element.
Moreover, the lake water and synthetic seawater matrices did not
interfere with the co-precipitation of REEs ions during these pro-
cedures. LA creates a dry plasma that reduces the signal intensities
for all H-, O-, and OH-based molecular ions, thereby decreasing
analyte hydride formation and molecular/polyatomic interference.
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