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a b s t r a c t

A fully automated high pressure pretreatment system with Nobias Chelate-PA1 resin (PA1) was developed
for trace metal determination by ICP-MS in natural waters. By varying the concentrations of Mg and Ca to
mimic the concentrations in the eluate obtained by PA1 or iminodiacetate type resins, the overall analytical
performance of the systemwas assessed for the determination of Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Cd, Ag, Pb
and REE. Comparing with the low mM level Mg and Ca (both ranging from 1 to 4 mM) eluted by
iminodiacetate type resins, the eluate obtained by PA1 contains sub-μM level Mg and Ca, which remarkably
decrease matrix effect in ICP-MS analysis and significantly improve the analytical performance. With
recovery better than 90% for most the trace metals examined, the accuracy was further verified through the
analysis of five natural water reference materials with salinity spanning from 0 to 35‰. We have successfully
applied the pretreatment system to determine trace metals in the seawater samples collected in theWestern
Philippine Sea through Taiwan GEOTRACES cruise.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Trace metals are tightly associated with diverse physical,
chemical or biological processes in natural aquatic environment
and thus their concentrations and distributions provide important
information to understand the mechanisms of material transport
and cycling in the system [1–4]. For example, GEOTRACES, an
ongoing international program aiming on the study of trace
elements and their isotopes in the global ocean has obtained
important findings to interpret marine geochemical and biogeo-
chemical processes [5]. The major challenge to accurately quantify
trace metals in seawater or other saline waters is to detect their
extremely low concentrations in complicated matrix. Although
inductively coupled plasma mass spectrometry (ICP-MS) possesses
adequate sensitivity for direct metal analysis with quantification
limit down to ppt or ppq levels [6], potential matrix-induced
isobaric and polyatomic interferences combined with space-
charge effect may influence analytical precision and accuracy
[7,8]. Particularly, when measuring samples with various salinity,
the different extents of matrix effect would cause accurate
quantification to be complicated. To remove major salts in natural
water samples without causing significant contamination is hence
essential for trace metal analysis by ICP-MS.

Solid-phase extraction with chelating resins is recognized as
one of the most effective approaches for matrix removal and trace
metal preconcentration [9,10]. Several chelating resins have been
commercially available and successfully applied to natural water
pretreatment [5]. However, many of these resins have relatively
high affinity to alkaline-earth elements and a narrow operating pH
range for complete trace metal complexation, such as nitrilotriacetic
acid (NTA) complexones [11], immobilized 8-hydroxyquinoline
(8HQ) [12], and iminodiacetate (IDA) type resins such as Chelex-
100 (BioRad) [13], Muromac A-1 (Muromachi) [14], Toyopearl
AF-Chelate-650M (Tosoh Biosciences) [15], Metpac CC-1 (Thermo
Fisher Scientific Dionex) [16]. On the contrary, the new dual-
functionalized resin Nobias Chelate-PA1 (Hitachi; hereafter, PA1) is
distinctly featured for extremely low retention of alkaline-earth
elements accompanied with a relatively wide working pH [17,18],
which has been successfully applied for the retrieval of transition
metals and rare earth elements (REE) from seawater [17–22].

Considering the complicated steps involved in the pretreat-
ment of trace metal analysis in seawater and other natural water,
the use of fully programmed pretreatment system would substan-
tially improve analytical capacity and reproducibility [15,16,23].
An automated high pressure ion chromatography (IC) pretreat-
ment method was developed by utilizing an IDA-type resin
(Dionex Metpac CC-1; hereafter CC-1) for trace metal chelation
and matrix removal [16]. With maximum operation pressure up to
1500 psi, the system can stand back pressure and provide precise
flow rate. The eluate obtained by using CC-1 in the system for
seawater samples generally results in the concentrations up to
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4 mM Mg and 4 mM Ca (abbreviated as ‘Mg–Ca’ hereafter). The
Mg–Ca matrix effect occurred in ICP-MS can be mostly corrected
by using internal standard when the residual Mg and Ca in
pretreated samples and standards are similar. However, the con-
centrations of Mg and Ca in natural waters may vary for more than
three orders of magnitude, from less than 0.01 mM in freshwater
to a few tenth mM in oceanic water. It may become problematic
for trace metal quantification for samples with varying salinity
to cause different Mg and Ca concentrations in the eluates. In this
study, we first compared the matrix effect induced by the
residual Mg and Ca retained in pretreated eluate obtained by
using either IDA type and PA1 resins for trace metal quantification
in ICP-MS. We then applied PA1 in the automated pretreatment
system to evaluate its chelating efficiency for trace metals at
various salinity, including Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Ag,
Cd, REE and Pb.

2. Experimental

2.1. Reagents and materials

The preparation of reagents and labware was carried out on
Class-100 laminar flow benches in a positive-pressure clean
laboratory. Polyethylene gloves were used to avoid Zn contamina-
tion. Ultrapure reagents including hydrochloric acid (HCl), nitric
acid (HNO3), ammonium hydroxide (NH4OH) and acetic acid
(CH3COOH) were used (J.T. Baker ULTREX II). Ammonium acetate
(NH4OAc) buffer was prepared with the proportion of volume for
CH3COOH: NH4OH: H2O to be 4: 5: 9 then was adjust to pH
6.070.1 by NH4OH. For the Mg–Ca matrix effect test, the stock
solutions of Mg and Ca were prepare by ultrapure grade magnesium
chloride and calcium chloride powders (J.T. Baker) and were further
purified by gravity flow through a polypropylene column with PA1
resin (Bio-Rad Poly-Prep, 8�40 mm with 10 mL reservoir).

All disposable plastic labware, including low-density polyethy-
lene bottles (Nalgene), polypropylene centrifuge tubes (BD Bios-
ciences), and pipette tips (Eppendorf), were acid-washed by the
following three cleaning procedure: soaking in 1 M HCl (Baker
Analyzed, J. T. Baker) for 24 h then rinsing with Milli-Q (Millipore)
water, then soaking in 7 M HNO3 (Baker Analyzed, J. T. Baker) for
another 24 h then rinsing with Milli-Q water for 6 times. The
reusable PFA containers (Savillex) were first soaked in 10% Micro
90 detergent (International Products Corporation) at least for
1 day then were rinsed by Milli-Q water thoroughly. The pre-
cleaned PFA containers were further immersed in 1 M HCl for 24 h
then were soaked in a 1 L PFA jar containing 7 M HNO3 and were
heated on a hotplate at 105 1C for 24 h. After cooling, the PFA
containers were rinsed for 6 times by Milli-Q water. Right before
use, each plastic labware was rinsed both inside and outside again
by Milli-Q water.

2.2. PA1 resin

The resin was collected by incising PA1 cartridges with a
precleaned ceramic knife. After following the batch cleaning
procedure [17], the resin was pipetted into empty 4�50 mm PEEK
columns (DIONEX Metpac CC-1 column) with each aliquot of
50 μL. The solution in the columns was siphoned off by a
peristaltic pump with a flow rate of 300 μL min�1. The resin was
further compacted by flushing the column with Milli-Q water with
high pressure pump on the automated pretreatment system for
4 minutes then the column was refilled with additional resin.
Refilling three to four times, the columns were fully packed and
were ready to be deployed onto the automated system for
pretreatment process. The automated pretreatment system was

cleaned right before sample processing by running 42 Milli-Q
water samples.

2.3. Samples and standards

A trace metal mixture was prepared by mixing individual
standard solution of the elements measured (High-Purity Stan-
dards) with final concentration of 500 ppb for each element.
To carry out matrix effect test, the trace metal mixture was added
into 0.3 M HNO3 solutions to form trace metal concentrations of
1 ppb, and Mg and Ca of 0, 0.0025, 0.005, 0.1, 0.5, 1, 2 and 4 mM.
Trace metal-stripped seawater was prepared by direct passing
natural surface seawater through the three-stage columns with
chelating resins: (1) large Chelex-100 column (24 mm i.d. quartz,
with 166 g resin), (2) Chelex-100 column (8 mm i.d. polypropy-
lene, with 1.2 g resin), and (3) PA1 column (8 mm i.d. polypropy-
lene, with 0.6 g resin). This trace metal-stripped seawater was
diluted further into eight salinity levels, i.e., 0, 3.5, 7.0, 10.5, 14.0,
21.0, 28.0 and 34.9‰, by Milli-Q water. The solutions were
acidified to pH of approximately 1.8 by 3 M HNO3 then doped
with the 500 ppb standards to have the final standard concentra-
tions to be 1 ppb.

Ten calibration standards were prepared in seawater matrix
covering the trace metal concentration ranges observed in the
oceans to quantify the concentrations in natural seawater and
reference materials. Five natural water reference materials with
different salinity were used to validate the method, including river
water SLRS-5 (National Research Council Canada), estuarine water
BCR-505 (Joint Research Centre, European Commission) and
SLEW-3 (National Research Council Canada), nearshore seawater
CASS-5 (National Research Council Canada), and seawater NASS-6
(National Research Council Canada). The SLRS-5 was diluted 2 and
10 times to determine most of the trace metals and 100 times
for Fe. We have also applied the method to measure the seawater
samples collected at a station (23o30'N, 126o of the Western
Philippine Sea. The samples were collected by Teflon-lined GO-
FLO bottles (General Oceanics) mounted on a trace metal clean
rosette. Each sample was filtered through acid-cleaned 0.2 μm
filter capsule (Polycap TC, Whatman), acidified by 3 M HNO3 to pH
1.8, and stored in dark at room temperature. All the sample
filtration and acidification were manipulated onboard in a trace
metal clean van.

2.4. Preconcentration procedure

The preconcentration and matrix removal was performed
programmatically on a Dionex ICS 3000 chromatograph [16]. The
revised operation procedure is shown in Fig. 1. For example,
A position (Fig. 1 and Table 1) stands for loading mode for column
2 and injection mode for column 1, and vice versa for B position
(i.e., loading mode for column 1 and injection mode for column 2).
Ammonium acetate buffer was purified online by a CC-1 column
before mixing with samples. The pH of each acidified sample was
adjusted to pH 6.070.1 by adding 5 mL of 1.8 M NH4OAc (see
column C2 in Table 1). Each sample of 38 mL including a 3-mL loop
flushing was consumed and eventually a 5-mL eluate was col-
lected automatically in a 15 mL precleaned screw-capped poly-
propylene centrifuge tube, resulting in a concentration factor of 7.
Before ICP-MS analysis, an aliquot of 0.1 mL 50 ppb of Rhodium
(Rh) in 0.3 M HNO3 was added manually in each pretreated
sample to obtain a final Rh concentration to be 1 ppb. Procedural
blank and chemical yield of trace metals through the automated
pretreatment system were evaluated every batch based on six
Milli-Q waters and reference materials CASS-5 and NASS-6.

A manual gravity-flow column method was also employed for
salinity test, to be as an analog for the automated pretreated
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Fig. 1. The schematic configuration of the automated IC manifold. GP, SP and PP denote gradient pump, single pump and peristaltic pump. SL1 and SL2 stand for sample
loops 1 and 2; C1, C2 stand for resin columns 1 and 2 with PA1, and C3 is CC-1 pre column for buffer solution. W1, W2 and W3 stand for waste solution. The detailed
procedures for sample uptake, chelation and elution in the manifold are describe in our previous study [16] with minor modification shown in Table 1.

Table 1
The operating procedure for preconcentration and column cleaning by the IC automated system shown in A position in Fig. 1.

Time Sample probe SL1a SL2a C1a C2a

�0.10 Rinse
0.00 Go to sample Sample (S3a) uptake Sample (S2a) injection

(3 mL min-1)
MQ rinse (0.75 mL min�1) Sample (S2) loading (3.0 mL min�1)

associated with bufferb conditioning
(0.5 mL min�1)

5.00 Needle home Sample uptake
stop

5.10 Rinse on Sample (S3) in SL1
5.30 Rinse off

Go to Frac_waste
5.50 Loop backwashing
9.50 Loop backwashing

stop
9.60 Rinse on

10.00 Rinse off MQ rinse (stepwise from 0.75 to 2.0 mL
min�1)12.25 Sample injection stop Buffer rinse

12.26 Go to Frac_sample MQb in SL2 MQ rinse stop
Acidb elution start (2.0 mL min�1)

12.66 Eluent (S1a)
collection start

Elution stop, and additional acid
cleaning (2.0 mL min)

15.16 Eluent collection
stop

Sample (S2) in C2
15.46 MQ cleaning (3.0 mL min�1)
15.81 Program finish

a SL1 and SL2 are sample loops 1 and 2; C1 and C2 are columns 1 and 2; S1, S2 and S3 denote samples 1, 2 and 3.
b MQ: Milli-Q water; buffer: 1.8N ammonium acetate; acid: 2N HNO3 (diluted to 1 N by MQ through a DXP pump).
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method. A precleaned empty polypropylene column (Bio-Rad
Poly-Prep, 8�40 mm with 10 mL reservoir) was filled with PA1
resin with volume equivalent to the column used in the automated
pretreatment system. The packed column was used to pretreat the
1 ppb trace metal solutions with eight salinity levels mentioned in
Section 2.3. Two different eluents were examined in the gravity
column experiment, including a 5 mL aliquot of 1 M HNO3 that
normally used in the automated pretreatment system and a 10 mL
3 N HNO3.

2.5. Instrumentation

A sector field ICP-MS Element XR (Thermo Fisher Scientific) was
executed with a SC-Fast autosampler with a 2 mL sample loop
(Elemental Scientific). Dry plasma mode was used to reduce oxide
and hydride interferences through an Apex HF-Spiro membrane
desolvation device (Elemental Scientific). Signal sensitivity was tuned
to achieve 1 million counts per second (cps) per ppb for 115In, with
signal stability around 1% and oxide level below 0.5%. When Ni
sampler and H-skimmer cones (Spectron) are used, we have
observed that Ni background signals are generally up to 1000 cps.
We found that the background Ni signals can be significantly reduced
to less than 50 cps by injecting a 4 mM Mg–Ca solution for a couple
of minutes during instrument warm up period. The deposition effect
can last for at least 6-hr during measurement.

The isotopes, including 107Ag, 111Cd, 139La, 140Ce, 141Pr, 143Nd, 146Nd,
147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 167Er, 169Tm, 173Yb, 175Lu, 207Pb
and 208Pb were analyzed at low resolution (M/ΔM�300), and 27Al,
43Ca, 49Ti, 51V, 53Cr, 55Mn, 56Fe, 59Co, 60Ni, 61Ni, 63Cu, 64Zn, 65Cu and
66Zn were measured under medium resolution mode (M/ΔM�5000).
The entire acquisition time was about 3 min including sample uptake,
signal acquisition, and cleaning introduction system. Mass drift at
medium resolution was minimized by employing the ‘lock mass’
function on 40Ar40Arþ dimer. The measured signals were further
corrected by internal standard Rh for all of the elements determined.
Potential interferences caused by polyatomic ions or doubly charges
were estimated by monitoring 89Y16Oþ (LR), 89Y40Arþ (LR), 103Rh16Oþ

(LR), 103RhHþ (LR and MR), 97Moþ þ (MR), and 103Rhþ þ (MR). The

formation of oxides and hydrides were generally better than 0.7% and
0.2%, respectively. None of Rhþ þ was observed.

3. Results and discussion

3.1. Matrix effect of Mg and Ca for ICP-MS

The concentration level of Mg and Ca in the eluate obtained by
using CC-1 resin to process seawater generally ranges from 1 to
4 mM. To investigate the effect of Mg–Ca background on elemental
sensitivity of trace metals in ICP-MS, a matrix doping test was
carried out with the Mg and Ca concentrations ranging from 0 to
4 mM. Based on the response patterns with different Mg–Ca
concentrations in matrix, we arbitrarily separate the trace metals
measured to four groups (Fig. 2A–D). For many of the measured
trace metals, including Al, V, Cr, Mn, Fe, Co, Ni, Zn, Y, Ag, Cd and Pb,
the signals were substantially suppressed with increasing Mg and
Ca concentrations and dropped about 80% at 4 mM despite they
show slight enhancement within 0.05 mM (Fig. 2A). The responses
of most REE to the matrix effect are similar to the trace metals
mentioned above (Fig. 2B). Three REE elements, including La, Ce
and Pr, behave differently, declining 40% at 4 mM while increasing
20% within 0.1 mM (Fig. 2C). The signal inhibition can be mainly
attributed to the dominant space-charge competition between
targeted trace metals and Mg and Ca ions [7]. On the other hand,
the signal enhancement at low Mg–Ca matrix is most likely due to
the formation of Mg- and Ca- based aerosols facilitating the
transmission of trace metals to plasma. The responses of Cu to
the matrix effect is particularly sensitive, showing significant
signal decrease at 0.0025 mM Mg–Ca concentration (Fig. 2D).
Aside from the influence of the matrix effect, serious salt accu-
mulation on skimmer cone of ICP-MS after a few hours measure-
ment would also cause significant signal drop.

Internal standard Rh was used to compensate the matrix effect
caused by Mg and Ca (Fig. 2E–H). Within 0.05 mM Mg–Ca
concentration, the deviation of normalized signals to the signals
obtained at zero Mg–Ca concentration are smaller than 10% for Al,

Fig. 2. The sensitivity variation of trace metals as a function of Mg–Ca matrix concentration. The concentrations of Mg and Ca are same and equal to the number on the
X axis. The deviation percentage (%) is relative to the intensity without adding Mg and Ca. The data shown are the average value of the four repeated experiments. The
elements measured are separated into four groups, including (A) most of the trace metals (TM) including Al, V, Cr, Mn, Fe, Co, Ni, Zn, Y, Ag, Cd and Pb, (B) most REE, (C) La, Ce,
Pr, and (D) Cu without internal standard correction. The variations of the elements normalized by Rh are shown from E to H. Box plot, except Cu, is used to illustrate the
distribution of the signal deviation. Bold dash line in the box represents the mean value of all elements.
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V, Cr, Mn, Fe, Co, Ni, Zn, Y, Ag, Cd and Pb, and on average gradually
increase to 15% at Mg–Ca concentration to be 4 mM (Fig. 2E).
Similarly, the deviations of all REE are smaller than 10% with
Mg–Ca concentrations within 0.05 mM (Fig. 2F and G) and the
deviations of most REE increased with Mg–Ca concentration and
reach 60% at Mg–Ca concentration to be 4 mM (Fig. 2E). However,
the deviations of La, Ce and Pr increase remarkably with increasing
Mg–Ca concentrations and reach 100% with Mg–Ca concentrations
larger than 2 mM (Fig. 2G). The normalized Cu is significantly
underestimated, decreasing 60–76% at Mg–Ca concentrations
above 0.0025 mM (Fig. 2H). Using Sc, Y or In as internal standards,
similar deviation patterns are observed for all of the elements
measured (not shown in this study). These results indicate that the
matrix effect caused by different Mg–Ca concentrations at low mM
level vary significantly and may not be properly corrected by
internal standards. The deviations are particularly large for La, Ce,
Pr, and Cu. It is thus essential to obtain pretreated eluates with
extremely low Mg and Ca concentrations to accurately quantify
trace metal concentrations in natural waters with varying Mg–Ca
concentrations by ICP-MS with membrane desolvation system.

3.2. Influence of salinity on PA1 affinity

The affinity and selectivity of chelating resins for different trace
metals depend on the conditions of pH, ionic strength, and other
complexed species in samples. For instance, Chelex-100, an IDA-
functionalized resin, possesses decreasing chelating affinity for
trace metals in seawater than freshwater medium [13], which is
caused by the presence of complexed metal species and compe-
titive cations, particularly Mg and Ca. To evaluate the affinity of
PA1 resin on trace metals under different salinities, we used both
the automatic system and manual gravity-flow column method to
examine trace metal recovery among eight salinity levels ranging
from 0 to 34.9‰. The chemical yield shown for most of the trace

metals measured is higher than 90% by either the automatic or
manual pretreatment, except Cr (VI) and Ag (Fig. 3).

By using both automatic and manual gravity elution methods,
the recovery for Cr (VI) remains low at all the testing salinity,
generally ranging from 20% to 40% (Fig. 3D). The recovery of Ag
under various salinity exhibits different patterns between the two
processing methods. With automated pretreatment method, the
recovery reaches 90% at salinity 0 and gradually drops to 60% with
salinity increasing to 35‰ (Fig. 3C). While using gravity column
method with 5 mL 1 M HNO3 eluant, the recovery decreases from
90% at salinity 0 to about 65% at salinity ranging from 3.5‰ to
35‰. Higher Ag recovery can be achieved by increasing the acidity
and volume of the eluent from 5 mL 1 N to 10 mL 3 M nitric acid at
salinity within 21‰. We suspect that the formation of silver
complex ions at elevated salinity may bind strongly with PA1
(cf. [24]). Overall, this test shows that the chelating affinity of PA1
for trace metals, including Al, V, Mn, Fe, Co, Ni, Cu, Zn, Y, Cd, REE
and Pb are sufficiently high in aqueous samples with salinity
ranging from 0 to 35‰, indicating the sufficient capacity of PA1 for
trace metal preconcentration from aqueous samples with diverse
salinity either using both automatic and manual gravity elution
methods.

3.3. Affinity of Cr and other trace metals on PA1 and CC-1

We found that the chelating affinity of PA1 on Cr is relatively
low (Table 2), which is different from the previous study [17]. The
recovery obtained was only 17% under conditioning pH 1.8, varied
from 20 to 40% with pH increasing from 3.1 to 8.2, and remained
around 30710% by increasing eluate acidity and volume from
5 mL 1 M to 10 mL 3 M HNO3 (Fig. 3C). On the contrary, IDA-type
resins exhibit rather high affinity for Cr. For example, Chelex-100
and Muromac A-1 can chelate Cr (III) [25,26] and CC-1 complex

Fig. 3. Effect of salinity (per mil) on PA1 chelating efficiency for (A) most of the trace metals (TM') including Al, V, Mn, Fe, Co, Ni, Cu, Zn, Y, Cd and Pb, (B) REE, (C) Ag, and
(D) Cr (VI) either using automated pretreatment system (filled circle) or manual gravity elution (gray triangle), eluted with 5 mL 1 M HNO3. Open triangles shown in (C) and
(D) represent the recovery by using 10 mL 3 M HNO3 eluent. Dot lines represent 90% recovery threshold.

Table 2
Metal recovery by using Nobias Chelate-PA1 and Metpac CC-1 in Milli-Q and seawater via the same IC program.

Elementa Al Cr Mn Ag Cd TMb REEc Na Mg Ca

Recovery (%, preconcentrated from 35 mL to 5 mL)
PA1_IC-MQ 90 o40d 100 485 100 100 490 n.a.e n.a. n.a.
PA1_IC-SW 93 o30d 100 470d 100 100 490 0f 0.001f 0.002f

CC-1_IC-MQ 100 495 100 95 490 100 490 n.a. n.a. n.a.
CC-1_IC-SW 77 495 80 42 83 100 490 0.002 0.28 1.95

a The original Na, Mg and Ca concentrations (in mM) are equal to open ocean seawater. Al, Cr, Mn, Ag and Cd are 3.7, 0.8, 1.1, 0.01 and 0.2 nM.
b TM refers to trace metals (nM) including V (4.7), Fe (0.7), Co (0.02), Ni (1.7), Cu (1.3), Zn (1.5) and Pb (0.02).
c REE (pM): La (18), Ce (38), Pr (4.8), Nd (20), Sm (4.4), Eu (1.3), Gd (4.3), Tb (0.7), Dy (3.9), Ho (0.8), Er (2.2), Tm (0.3), Yb (2.0), Lu (0.3).
d Unstable recovery.
e n.a. stands for not available.
f The numbers stand for the average values of triplicate pretreatment. The retention of Na is less than 0.0005%.
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Fig. 4. The comparison of the slopes of the calibration curves obtained by PA1 and CC-1 resins. The signals were all normalized to internal standard Rh for Cd (A) and Fe (B).
The solid lines with shaded area represent the average of three standard calibration curves with 2 standard deviations, including trace metal standards prepared in Milli-Q
water, trace metals in Milli-Q water and preconcentrated by PA1 resin, and trace metals in seawater preconcentrated by PA1 resin. The results obtained by CC-1 resin in Milli-
Q and seawater matrices are shown with open circle and solid triangle, respectively.

Table 3
Analytical results for the trace metals in the certified reference materials (unit: nM).

Elementa BLKa MDLb SLRS-5 SLEW-3 BCR-505 CASS-5 NASS-6

This workc Certified This workc Certified This work Certified This workc Certified This workc Certified

V 0.001 0.004 6.3770.32 6.2270.65 55.578.5 50.476.1 72.774.6 63.8 25.473.2 25.972.8 27.474.6 28.773.3
Mn 0.005 0.01 78.077.5 78.873.3 30.478.2 29.374.0 18.373.2 13.2 49.373.2 47.773.6 9.671.7 9.770.9
Fe 0.07 0.19 1620782 16337104 10.472.1 10.271.1 20.273.4 19.074.0 25.274.9 25.872.0 8.171.5 8.970.8
Co 0.001 0.001 0.8970.17 0.85 0.7270.09 0.7170.17 1.0870.08 17.070.3 1.5470.13 1.61 0.2370.03 0.25
Ni 0.04 0.03 7.6970.4 8.1171.1 20.072.5 21.071.2 24.572.2 24.172.0 5.370.4 5.670.4 5.170.7 5.170.4
Cu 0.02 0.19 294762 274720 26.172.2 24.471.9 31.473.5 29.471.5 6.270.7 6.070.4 3.7170.64 3.9070.40
Zn 0.09 0.21 13.471.5 12.971.4 2.9870.6 3.0770.6 184729 172711 11.770.7 11.071.0 4.6471.81 3.9370.30
Y 0.0004 0.001 1.2870.40 1.3570.11d 0.4570.11 0.4770.02e 0.2870.06 nd.f 0.2570.02 nd.f 0.2770.04 nd.f

Cd 0.001 0.0005 0.0670.003 0.0570.01 0.4670.05 0.4370.04 0.8270.06 0.8070.04 0.2170.02 0.1970.02 0.2770.07 0.2870.02
Pb 0.001 0.001 0.4170.14 0.3970.03 0.0370.01 0.0470.01 0.1970.02 0.2470.14 0.0470.01 0.0570.01 0.0370.01 0.0370.01

a Procedural blank includes the blanks from the reagents, IC preatment, and ICP-MS analysis (n¼4). Aluminum results are now shown due to high blank of 1.8 nM.
b Method detection limit (MDL) is defined as 3 s.d. of seven Milli-Q blanks that were processed by IC method with PA1 resin.
c Data shown are mean72 s.d. accumulated from two SLRS-5 and SLEW-3 standard bottles and six for CASS-5 and NASS-6.
d Reported by Heimburger et al. [28].
e Reported by Bayon et al. [27].
f Not determined.

Table 4
Analytical results for REE in the certified reference materials (unit: pM).

Element BLKa MDLb SLRS-5 SLEW-3 BCR-505 CASS-5 NASS-6

This workc Ref. [28] This workc Ref. [27] This work This workc Ref. [29] This workc

La 0.11 0.65 14237121 1410780 6276 5576 5077 56710 5773 7779
Ce 0.14 0.69 1750789 16807110 5174 4774 5778 2374 2471 3276
Pr 0.07 0.10 336727 330718 1271 1271 872 871 870.1 1272
Nd 0.25 1.43 12947102 12807140 5779 5572 4976 3472 3571 4778
Sm 0.18 0.21 218726 220720 5074 4870.4 3575 871 870.1 971
Eu 0.06 0.20 3873 3779 3.570.1 370.2 2.870.5 1.270.1 1.370.02 1.870.2
Gd 0.06 0.20 154726 158719 2071 2073 1773 7.370.7 7.770.2 8.571.8
Tb 0.01 0.01 2273 2074 3.170.1 2.970.2 2.470.6 1.370.03 1.170.02 1.570.6
Dy 0.02 0.07 11376 112715 2271 2171 1472 871 7.570.1 1071
Ho 0.01 0.01 2274 2273 5.470.4 670.2 470.5 2.070.2 1.970.03 2.470.7
Er 0.02 0.06 6579 6376 1571 1671 1271 6.470.8 6.470.1 871
Tm 0.01 0.01 872 7.771.8 1.870.3 2 2.070.3 0.970.1 0.970.01 1.170.3
Yb 0.02 0.05 5474 5474 1273 1171 1773 6.371.2 6.370.1 7.671.6
Lu 0.05 0.06 8.571 8.671 1.871 1.770.1 3.070.5 1.170.1 1.170.02 1.270.4

a Procedural blank includes the blanks from the reagents, IC preatment, and ICP-MS analysis (n¼4).
b Method detection limit (MDL) is defined as 3 s.d. of seven Milli-Q blanks that were processed by IC method with PA1 resin.
c Data shown are mean72 s.d. accumulated from two SLRS-5 and SLEW-3 standard bottles and six for CASS-5 and NASS-6.
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Cr (VI) effectively [16]. The species-specific property of IDA resins
on Cr may be useful for studying Cr speciation in natural waters.

Elevated Mg and Ca matrix concentrations in standards may
cause systematic change of slope of calibration curve. Although the
chelating ability of CC-1 resin is high for most of the trace metals
determined in this study, including V, Fe, Co, Ni, Cu, Zn, REE, and
Pb (Table 2), we found that the slopes of calibration curves
obtained from CC-1 resin are different from the ones obtained
by PA1. Taking Cd and Fe as examples, the slopes of the calibration
curves directly obtained from Milli-Q water matrix are identical to
that obtained from the PA1 pretreated standards prepared either
in Milli-Q water or seawater matrix (Fig. 4A and B). Nevertheless,
the calibration slopes obtained from the automated pretreatment
system with CC-1 resin are slightly different for standards pre-
pared in Milli-Q and seawater matrices. The results infer that using
CC-1 or other conventional chelating resins with relatively high
affinity on alkaline-earth elements may lead to large quantifying
uncertainty for trace metals in samples with various salinity and
the corresponding extent of matrix effect. Another side effect by
using CC-1 is that the production of polyatomic interferences by
substantial Mg and Ca matrix may influence the analytical accu-
racy, such as 40Ca15N on 55Mn, 40Ca16O on 56Fe, 24Mg36Ar on 60Ni,
48Ca15N on 63Cu, 24Mg40Ar on 64Zn, 25Mg40Ar on 65Cu and
26Mg40Ar on 66Zn. Combining with matrix-induced signal suppres-
sion, the increase of polyatomic interference as increasing Mg–Ca
matrix concentration may lead to larger analytical inaccuracy.
To evaluate potential matrix effect for pretreated samples using
IDA or other chelating resins with higher retention for Mg and Ca,
it is suggested to monitor 43Caþ or 46Caþ during ICP-MS analysis.

Pai et al. [13] reported that the chelating affinity of Chelex-100
for Mn and Cd were lower in seawater than in freshwater media
and the equilibration time for the chelation was prolonged in
seawater matrix. We also observed that the recoveries of Al, Mn,
Ag and Cd by CC-1 are lower in seawater than in Milli-Q water
matrix (Table 2). Therefore, the relatively low CC-1 recovery on
trace metals in seawater matrix is possibly due to the occupation
of chelating sites by other competing ions, such as Mg and Ca.

3.4. Accuracy and reproducibility

The accuracy of the automated pretreatment system with PA1
resin was evaluated by using five natural water reference materials
with salinity spanning from freshwater to seawater, including
SLRS-5, SLEW-3, BCR-505, CASS-5, and NASS-6. The results for
almost all the trace metals determined are in agreement with
either the certified or consensus values (Tables 3 and 4) [27–29],
with differences generally less than 10%. The differences of the REE
concentrations are generally within 20% between the measured
and the consensus values for SLRS-5, SLEW-3 and CASS-5 (Table 4).
We also report the REE concentrations for BCR-505 and NASS-6, in
which the REE concentrations have not been certified yet.
As mentioned previously, the analysis of Cu by ICP-MS are
susceptible to Mg–Ca matrix effect even with concentrations as
low as 25 μM in sample solution (Fig. 2F). Using the pretreatment
systemwith PA1 resin, the Mg and Ca concentrations are generally
decreased to 0.5 and 0.2 μM in the eluate, respectively. We found
that all the measured Cu concentrations in the reference materials
show good consistency with the certified values. We have applied

Fig. 5. The vertical profiles of dissolved trace metals collected at the station (23o30'N, 126o in the Western Philippine Sea during 2013 Taiwan GEOTRACES cruise. The
concentration unis for the trace metals and the five selected REE are nM and pM, respectively. The depth scale is enlarged in the top 200 m. The horizontal dotted lines
denote 1000 m and the error bars represent the average deviation of duplicate analysis.
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the improved pretreatment method to seawater samples collected
in the Western Philippine Sea. The concentration profiles exhibit
satisfactory results (Fig. 5), which are comparable to the previous
observation in the North Pacific Ocean [30]. Overall, the automated
pretreatment method with PA1 resin coupled with ICP-MS analy-
sis can accurately and precisely determine the concentrations of
transition metals and rare earth elements in natural water samples
with various salinity.

4. Conclusions

A method combined an automated pretreatment system with
PA1 resin and ICP-MS analysis was developed and evaluated for
the determination of trace metals in natural waters. The sub-μM
Mg and Ca concentrations yielded from the pretreatment system
with PA1 resin result in better analytical performance while
comparing with conventional IDA-functionalized resins generally
yielding low mM Mg and Ca concentrations. The chelating affinity
of PA1 resin in the pretreatment system remains substantially high
for trace metals in natural water samples with a wide salinity
range spanning from freshwater to seawater. We have validated
the accuracy of the concentrations of transition metals and REE by
the method in five natural water reference materials and the
natural seawater samples collected in the Western Philippine Sea.
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